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1  Executive  Summary 


MACS  (Mission  Adaptable  Chemical  Sensor)  commenced  as  a  concept  for  creating  a  complex 
chemical  signatures  potentially  targeting  illicit  operations  of  interest,  notably  irregular  or  covert 
manufacturing  sites  of  WMDs,  lEDs,  or  drug  processing.  In  order  to  accomplish  this,  the  initial 
CONOPS  was  for  the  placement  of  a  MACS  in  a  very  low  altitude  UAV.  The  CONOPS  further 
would  permit  autonomous  guidance  within  the  sensory  area  of  interest  by  permitting  MACS 
software  to  adjust  the  mission  waypoints  so  as  to  hon^  in  on  the  source  of  a  particular 
"disturbance. "  The  disturbance  in  this  case  would  be  the  abundance  of  a  plume  containing  the 
signature  elements.  As  DARPA  embraced  the  concept  of  MACS,  the  mission  capabilities 
became  more  general  Not  only  would  the  initial  mission  concept  remain  a  distinct  possibihty, 
but  many  others  as  well  as  shown  by  Figure  1.1. 


Figure  1.1.  Some  potential  MACS  missions. 


What  is  the  MACS  concept?  The  answer  is  essentially  two  fold:  (1)  to  produce  a  system  that  can 
ingest  a  relatively  small  quantity  of  air  1  1  atm  pressure  that  is  then  assayed  within  a  core 
submillimeter  wave  precision  spectrometer-based  sensor;  and  to  surround  the  basic  spectrometer 
with  a  flexible  set  of  subsystems  that  will  provide  great  flexibility  and  thus  "mission 
adaptabihty. " 

Rotational  spectroscopy  (Figure  1.2)  is  the  key  to  providing  maximum  selectivity  in  the 
identification  of  individual  gas  species  and  also,  fortuitously,  also  provides  a  regime  of  optimum 
sensitivity.  And  although  ideal  for  the  purposes  envisioned,  has  not  until  MACS  become  a  real 


*  The  system  can  also  ingest  a  non  atmospheric  sample  at  any  pressure  from  a  flask.  This  represents  a  completely 
different  scenario  fromthe  main  line  scenario  mentioned  in  the  text. 
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world  capability  for  a  miniature  sensor.  The  conventional  academic  laboratories  have  been 
operating  with  rather  large  and 
impractical  systems,  possibly 
fuUy  tube  dependent  and 
utilizing  eold  detectors.  MACS, 
on  the  other  hand,  must  be  fully 
solid  state  and  so  far,  with  room 
temperature  detection.  The 
trades  in  sensitivity  (namely 
noise  reduction  via  incoherent 
speetral  integration  and  other 
factors  such  as  detector 
cooling)  may  yet  suggest 
improvements  that  may  alter 
the  Phase  1  system  result 
(which  has  no  detector  coohng).  Figm^  1.2.  Classical  sensors  employing  spectroscopy  for 

gases  are  IR  systems;  MACS  looks  at  the  less  energetic 
The  standard  approach  within  and  far  more  signature  rich  rotational  transitions, 
the  university  laboratory  has  no 

need  for  a  front  end,  and  yet  this  becomes  the  most  significant  aspect  of  the  program  to 
miniaturize  the  system  and  to  provide  preconcentration  of  the  atmospheric  sample  with  perhaps 
100,000X  gains  accruing.  In  operating  the  tiny  THz  speetrometer  sample  eell  system  at  the 
optimum  pressure  (about  10  mT  where  the  pressure  and  Doppler  broadening  are  about 
equivalent)  we  find  a  best  point  in  the  playoff  between  sensitivity  and  selectivity.  Less  pressure 
and  we  lose  sensitivity;  more  sample  (Le.,  pressure)  and  our  lines  broaden  and  we  eommence  to 
lose  specificity.  Rotational  fines  at  atmosphere  have  fine  widths  of  approximately  5  GHz  which 
simply  jumbles  the  fines  into  energy  absorption  bands  that  earry  virtually  no  useful  information; 
and  yet  at  our  MACS  operating  pressure  they  are  about  3  MHz.  Our  resolution  is  about  1/33  of  a 
fine  width.  Therefore  we  are  easily  capable  of  rendering  precise  frequency  measurements 
associated  with  the  signal  processing  of  the  resultant  speetra  rendered  from  seans  of  various 
portion  s  of  the  overall  60  GHz  operational  band  pass  of  the  system  (in  the  200  GHz  regime). 

The  system  operates  from  the  standpoint  of  superior  frequency  knowledge  that  permits 
computations  to  render  precise  matches  between  library  spectra  (Le.,  the  ROM-based  digital 
spectra  and  derivative  products  [peak  frequencies  and  fine  widths])  and  the  empirical  spectra 
when  properly  adjusted  by  eoneentration  proportionality  factors.  The  match  between  a  library 
fine  and  an  empirical  fine  when  taken  together  with  the  library  sample  call  concentration  and  the 
preconcentration  gain  for  the  empirical  fine  and  its  measured  intensity  facilitate  the  system's 
assay  eapability.  That  is,  the  rendering  of  the  input  atmospheric  concentration  of  eaeh  deteeted 
species. 

The  Phase  1  system  embraeed  several  important  physieal  and  performance  objeetives;  namely  to 
produce  an  integrated  system  in  a  1  cubic  foot  box  and  be  able  to  differentiate  30  gases  in  a 
mixture  and  detect  down  to  a  100  ppt  sensitivity  level  with  very  high  PDF  and  very  low  PFA 
(0.9999  and  0.0001,  respectively).  These  objeetives  and  more  were  met  by  the  Phase  1  system, 
which  is  covered  in  detail  within  this  report. 

In  addition  to  the  technical  objectives  and  achievements,  the  program  plan  includes  activities  of 
the  MAG  (MACS  Advisory  Group)  intended  primarily  to  attract  and  familiarize  elements  of 
various  potential  user  communities  with  the  existenee  and  future  potentials  of  MACS  derivative 
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systems.  The  ultimate  objective  is  recognized  as  the  production  of  new  US  sensor  system 
capability,  and  the  methodology  we  have  employed  has  been  dependent  upon  several  targeted 
apphed  research  efforts  to  provide  answers  and  optimizations  for  aspects  of  this  system 
development  that  were  not  available  or  yet  suitable  for  integration  into  a  sensor  product.  Future 
phases  of  the  program  will  successively  lead  to  the  production  of  field  activity  demonstration 
systems  that  can  lead  directly  to  productioa 

In  conceiving  the  notion  of  a  point  sensor  employing  rotational  spectroscopy  as  the  key  element 
in  detection  and  classification,  we  assembled  a  team  of  experts  that  for  Phase  1  would  be 
responsible  for  adapting  laboratory  scale  technologies  into  a  very  small  package.  In  general,  ST 
leads  the  systems  engineering  and  central  electronics;  OSU  leads  the  development  of  the 
spectroscopic  techniques;  and  likewise  Battelle  leads  in  the  development  of  preconcentration 
techniques.  The  entire  team  then  converts  the  techniques  selected  into  not  a  breadboard,  but  a 
working  prototype 
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2  MACS  System  Architecture 


As  shown  in  the  functional  block  diagram  (Figure  2.1),  the  functions  of  MACS  were  divided  into 
three  subsystems  the  Sample  Acquisition  And  Processing  module  (SAPM);  the  sample  cell  and 
terahertz  generation  electronic  (simply  know  as  the  THz  module);  and  the  core  electronics 
consisting  of  the  remaining  functions  such  as  power  generation  and  distribution,  central 
confuting,  and  the  frequency  management  system  (FMS)  that  functions  as  a  base-band 
spectrometer.  The  interfaces  between  these  subsystems  are  robust  and  straightforward  to  allow 
the  units  to  be  built  and  tested  by  discrete  development  teams  and  integrated  near  the  end  of  the 
program  Specifically  the  interfaces  are  power,  serial  communications  and  a  few  isolated  RF 
connections. 

The  MACS  systems  architecture  was  driven  primarily  by  the  requirements  to  fit  within  a  1  cubic 
foot  chassis,  a  required  sensitivity  of  better  than  100  PPT,  and  an  18  month  development  cycle. 
These  somewhat  mutually  exclusive  requirements  caused  the  team  to  choose  a  high  probabihty 
of  success  design  utilizing  COTS  components  to  the  largest  extent  possible.  The  core 
spectrometer  and  THz  module  are  the  two  segments  of  MACS  where  COTS  components  were 
not  available  and  required  OSU  and  ST  to  execute  significant  development  efforts.  A  more 
custom  design  approach  on  the  follow-on  system  would  result  in  a  system  with  similar 
performance  but  significantly  lower  power  consumption  and  size. 

The  resulting  design  is  a  rack  mountable  instrument  fitting  in  a  3U  high  (5.25”)  17  inch  wide 
chassis  approximately  19.4  inches  deep.  The  unit  is  powered  from  standard  US  wall  power  (120 
VAC).  The  front  panel  has  a  power  button,  touch  screen  display,  two  USB  ports,  and  the  gas 
inlet  port.  The  touch  screen  display  provides  a  Graphical  User  Interface  for  a  user  to  interact  with 
the  unit.  The  USB  ports  allow  the  user  to  connect  a  keyboard,  mouse  or  memory  stick  device. 
The  rear  panel  has  an  lEC  power  connector,  VGA  output  connector,  punping  exhaust  port,  and 
direct  injection  proportional  valve.  A  standard  power  cord  attaches  to  the  lEC  connector  and 
connects  MACS  to  a  15  amp  wall  outlet.  The  exhaust  port  vents  the  analyte  under  test  at  the  end 
of  the  cycle  and  therefore  may  be  connected  to  “house  exhaust”  to  satisfy  OSHA  requirements. 
The  direct  injection  valve  can  be  used  to  bypass  the  sorbent  system  during  system  testing  or  for 
bleeding  air  into  the  sample  cell. 

The  following  high  level  steps  represent  a  single  cycle  of  the  spectrometer  system: 

1.  The  SAPM  is  activated  reducing  the  pressure  in  the  THz  module  to  less  than  1  millitorr 
removing  any  residual  sample  and  readying  the  system  for  spectroscopy. 

2.  The  gas  sample  is  pulled  across  a  sorbent  bed,  used  to  collect  and  concentrate  analytes 
while  allowing  bulk  atmosphere  such  as  nitrogen,  oxygen,  and  carbon  dioxide  to  pass. 

3.  The  inlet  valve  is  closed  and  the  pressure  in  the  sorbent  collection  chamber  is  reduced  to 
less  than  1  millitorr  to  ehminate  the  rest  of  the  bulk  atmospherics. 

4.  The  sorbent  chamber  is  isolated  from  the  punping  system  and  the  transfer  valve  is 
opened.  Heat  is  apphed  to  the  sorbent  to  cause  trapped  analytes  to  be  released  into  the 
sanple  ceU. 

5.  Pressure  in  the  sanple  cell  to  adjusted  to  10  millitorr  by  pumping  out  excess  sanple  or 
bleeding  in  additional  atmosphere  automatically  as  each  scenario  dictates.  This  is  the 
optimum  pressure  for  spectroscopy  where  the  pressure  and  Doppler  broadening  are  about 
equal  whereby  minimizing  line  widths  and  maximizing  the  instruments’  specificity. 
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6.  The  CC  now  instructs  the  FMS  to  generate  the  sweep  frequencies  required  by  the  THz 
module.  This  is  a  swept  receiver  configuration  where  the  two  frequencies  maintain  a  10.7 
MHz  offset  (at  final  frequency)  throughout  the  sweep.  The  specific  sweep  frequencies  are 
a  function  of  the  “scenario”  being  executed  by  the  user.  This  could  be  a  full  band  sweep 
in  the  case  of  building  a  library  or  possibly  a  segmented  search  of  the  strongest  line  of 
each  analyte  in  the  library.  In  the  latter  case  a  single  line  detection  would  cause  the  CC  to 
expand  the  search  to  include  additional  lines  of  the  suspected  analyte  to  inprove  the 
probability  of  detection.  Frequency  modulation  is  applied  to  allow  first  or  second 
derivative  detection. 

7.  The  FMS  frequencies  are  multiplied  by  24  using  microwave  diodes  to  produce 
approximately  1  mW  of  power  in  the  210  to  270  GHz  band.  A  wire  grid  polarizer  allows 
this  power  to  be  adjusted  to  prevent  saturation  of  the  system.  As  the  system  sweeps 
analytes  contained  in  the  sample  cell  are  excited  and  at  analyte  specific  frequencies  the 
millimeter  wave  energy  is  absorbed.  This  provides  a  unique  signature  for  each  analyte. 

8.  The  FMS  detects  the  power  of  the  10.7  MHz  intermediate  frequency  provided  by  the  THz 
module  at  600  K  sanples  per  second  providing  for  a  power  verses  swept  frequency 
display.  Additionally  signal  processing  is  performed  to  selectively  capture  the  frequency 
modulation  information  (digital  lock-in  function)  at  the  lx  or  2x  rate  to  recover  the  first 
or  second  derivative  respectively.  Detection  of  the  derivatives  helps  reduce  the  effects  of 
base-line  variations  due  to  VSWR  and  other  effects  not  associated  with  rotational 
absorption. 

9.  The  demodulated  absorption  data  is  transferred  from  the  FMS  to  the  CC  via  a  high  speed 
32  bit  parallel  buss  where  it  is  further  processed  to  provide  accurate  frequency 
registration  and  amplitude  cahbration. 

10.  These  “normalized”  sweeps  are  then  passed  to  the  analysis  engine  (contained  within  the 
CC)  where  hne  detections  are  compared  to  hbrary  information  and  specific  chemical 
detections  are  determined.  Additionally  this  module  assesses  the  concentration  levels  of 
the  detected  analyte  at  the  inlet  port. 

11.  Detections  and  concentration  levels  are  displayed  on  the  front  panel 

This  total  process  takes  less  than  7  minutes  and  is  ready  to  repeat  immediately  allowing  for 
persistent  monitoring  of  an  environment. 
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Figure  2.1.  MACSl  Functional  diagram. 


3  SAPM  (Sample  Acquisition  and  Processing  Module) 


The  Sample  Acquisition  and  Processing  Module  (SAPM)  is  a  sub-system  responsible  for  the 
following  functionality  in  the  MACS  system: 

•  Collection  of  air  samples  over  a  pre-defmed  collection  cycle  (-several  minutes) 

•  Separation  of  trace  analytes  from  major  atmospheric  constituents 

•  Accumulation  of  analytes  over  collection  cycle 

•  Evacuation  of  the  THz  spectroscopy  cell 

•  Transfer  of  collected  analytes  to  the  evacuated  cell  for  spectral  interrogation 

•  Communication  of  SAPM  status  to  the  MACS  central  computer 

•  Introduction  of  make-up  air  or  direct  inject  of  sample  gases  (for  testing  purposes). 

The  SAPM  is  composed  of  two  primary  sub-systems.  The  SAPM  Base  Module  (SBM)  includes 
a  pumping  system  to  puU  air  samples  through  the  system  and  to  evacuate  the  THz  cell,  tubing 
and  valves  to  connect  various  components,  pressure  sensors  to  monitor  the  manifold  and  THz 
cell  pressures,  heaters  to  control  manifold  and  cell  temperatures,  and  electronics  and  software  to 
control  operations  and  communicate  with  the  MACS  central  computer.  The  SAPM  Mission 
Module  (SMM)  contains  the  sorbent-based  pre- concentrator  (3D  sorbet  tube  or  2D  sorbent  disk) 
and  heaters  to  enable  desorption  of  the  concentrated  analytes.  The  SMM  can  be  configured  for 
specific  missions  via  the  choice  of  sorbent  materials,  which  can  preferentially  adsorb  certain 
classes  of  materials  better  or  worse  than  other  sorbents. 

Figure  3.1  shows  overview  of  the  general  SAPM  configuration,  including  pumps,  valves, 
pressure  sensors,  interface  to  the  THz  cell,  and  sairple  inlet  and  outlet.  This  figure  primarily 
shows  the  SBM,  with  the  SMM  embedded  on  the  interior  of  the  SBM.  The  rest  of  this  section 
describes  the  design  trades  conducted  early  in  the  program  that  identified  some  of  the  SAPM 
coirponents  (Section  3.1),  an  overview  of  the  system  operation  (Section  3.2),  research  and 
development  activities  that  wiU  lead  to  Phase  2  improvements  (Section  3.3),  SAPM  design 
specifications  and  engineering  drawings  (Section  3.4),  and  an  overview  of  SAPM  performance 
(Section  3.5). 
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Figure  3.1.  Overview  of  SAPM  configuration  (red  indicates  heated  components) 


3.1  Summary  of  Trades  and  R&D  Leading  to  Design 

This  section  describes  the  two  main  trade  studies  that  were  conducted  in  the  early  stages  of  the 
SAPM  development.  These  studies  involve  the  selection  of  appropriate  pumping  (Section  3.1.1) 
and  pre-concentrator  (Section  3.1.2)  technologies. 

3.1.1  Pump  Selection 

The  choice  of  vacuum  technology  components  for  the  SAPM  was  a  critical  engineering  decision 
with  significant  inpact  on  the  process  development  schedule,  system  size,  and  specification  of 
other  system  parameters  (e.g.  tube  sizes  and  evacuation  time).  The  specifications  driving  vacuum 
equipment  selection  were  mainly  cell  pressure  (<10  mTorr  prior  to  sanple  injection)  and  overall 
system  size  (1  ft^).  Early  on,  turbomolecular  pumps  were  identified  as  leading  candidates  for 
their  estabhshed  use  in  analytical  systems,  compact  design,  high  effective  pumping  speed,  and 
electrical  compatibility.  Initially  a  miniature  unit  from  Creare  was  investigated.  Creare  does  not 
specialize  in  vacuum  products;  they  are  a  R&D  conpany  that  sells  a  pump  they  developed  for 
NASA.  While  the  turbo  itself  was  small  (12  in^),  they  do  not  offer  a  complete  solution  which 
includes  a  turbo  controller  and  backing  pump  (both  larger  conponents  that  must  be  considered). 
They  are  extremely  expensive  ($60,000  each).  They  are  not  mass  produced,  and  it  is  unknown 
how  many  they  have  sold  or  what  rehabihty  can  be  expected.  BatteUe  assessed  that  the  Creare 
punp  would  be  a  risk  for  process  development,  but  a  candidate  for  future  miniaturization  phases. 
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The  search  for  a  turbo  pump  system  extended  to  include  more  traditional  vacuum  products 
coirpanies  such  as  BOC  Edwards,  Welch,  Alcatel,  Shimadzu,  and  Varian.  The  common 
problems  with  products  from  these  companies  are  1)  large,  external  turbo  controllers  2)  large 
backing  pumps.  For  example,  the  smallest  solution  from  Edwards  is  a  turbo  pump,  controller, 
and  backing  purrp  at  100  in^,  259  in^,  and  437  in^,  respectively.  The  volume  of  these  components 
alone  is  nearly  800  in^,  or  46%  of  the  entire  system  allotment. 

During  the  search  for  suitable  purrps,  both  Battelle  and  the  OSU  team  separately  came  across  a 
product  from  Pfeiffer  Vacuum  Advertised  as  the  world’s  smallest  mass  produced  drag  pump  and 
on  the  market  since  2000,  they  use  an  integrated  controller  and  compact  backing  pump  for  a 
complete  miniature  vacuum  solutioa  The  TPD  Oil  turbo  pump  with  controller  measures  4.65” 
X  6.63”  X  6.75”  =  208  in^  and  the  MVP  006  backing  pump  is  7.09”  X  3.92”  X  4.17”  =  116  m\ 
The  total  volume  is  324  in^  which  is  roughly  19%  of  the  overall  system. 

A  study  of  pipe  and  orifice  losses  and  evacuation  time  convinced  Battelle  that  the  performance 
of  the  Pfeiffer  pump  system  was  adequate.  The  turbo  pump  has  an  ultimate  pressure  of 
10'^  mbar,  rated  flow  of  10  L/s,  and  maximum  backing  pressure  of  25  mbar.  The  pump  has  a 
magnetic  bearing  on  the  high  vacuum  side  and  a  lubricated  bearing  on  the  low  vacuum  side.  The 
lubricant  was  assessed  as  a  potential  trace  contaminant,  but  found  not  to  be  a  significant  source 
of  contaminant  gases.  Battelle  was  unable  to  assess  the  system  effects  of  vibration  and  magnetic 
fields  caused  by  the  turbopump  before  development.  The  backing  pump  has  an  ultimate  pressure 
of  <2  mbar  and  rated  flow  of  6  L/min. 

In  summary,  the  MACS  system  size  requirement  severely  hmited  our  options  for  vacuum  pump 
coirponents,  and  the  Pfeiffer  system  was  judged  to  be  the  quickest  path  to  a  demonstration 
system 

3.1.2  Pre-Concentrator  Technology 

In  order  to  achieve  the  ambitious  performance  specification  of  100  ppt  sensitivity,  the  use  of 
some  kind  of  pre-concentrator  technology  during  air  sample  acquisition  was  required.  Battelle 
reviewed  several  technology  options,  an  analysis  of  which  is  presented  in  Table  3.1.  The  use  of 
both  three-dimensional  (tubes)  and  two-dimensional  (surface)  sorbent  configurations  were 
selected  and  pursued  for  development.  Through  the  development  of  an  initial  breadboard  system, 
many  of  the  “cons”  for  the  sorbent  technologies  were  eliminated  or  mitigated.  For  example, 
Battelle  showed  that  the  trapped  chemicals  could  be  desorbed  and  flowed  directly  to  the 
evacuated  THz  ceU  without  requiring  the  use  of  a  carrier  gas.  Also,  procedures  and  system 
interlocks  were  developed  to  eliminate  exposure  of  the  sorbent  material  to  ambient  air  while  at 
elevated  temperatures. 
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Table  3.1.  Analysis  of  pros  and  cons  of  candidate  concentrator  technologies 


Technology 

Pros 

Cons 

Sorbents 

1.  Established  Technology. 

2.  Many  different  sorbents  for 
variety  of  chemicals 

3.  Commercially  available,  off  the 
shelf. 

4.  Properties  weU  characterized  for 
many  different  classes  of 
compounds. 

1.  No  “one-size  fits  all”  sorbent. 

2.  3-D  sorbent  tubes  may  need  purge 
gas. 

3.  Sensitive  to  O2  and  H2O  when  at 
elevated  temperatures. 

4.  High  thermal  capacity  (requires 
more  energy  to  heat  and  cool). 

5.  Limited  hfetrme. 

PLOT  Columns 

1.  Commercially  available. 

2.  May  require  little  or  not  purge  gas 
to  assist  in  desorption. 

3.  Low  thermal  capacity. 

4.  Small  footprint. 

1.  Unproven  technology  for 
concentrating  samples. 

2.  Limited  number  of  stationary 
phases. 

3.  May  have  low  break-through 
values. 

4.  Sensitive  to  O2  and  H2O  when  at 
elevated  temperatures. 

5.  Limited  lifetime. 

Membranes 

1.  Very  selective  for  smaU 
molecules. 

2.  Some  commercially  available. 

1.  Many  unable  to  discriminate 
atmospheric  gases  from  target 
analytes. 

2.  Propensity  to  become  fouled. 

3.  May  have  lower  surface  area  than 
sorbents  -  may  have  lower 
processing  capacity. 

4.  Not  amenable  to  most  classes  of 
chemicals. 

2-D  Ion  Trap 

1.  Use  well  known  ion  trap 
technologies  to  select  and 
concentrate  target  analyte  ions. 

2.  May  allow  for  examination  of 
some  analytes  with  no  dipoles. 

3.  Trap  only  target  analytes  under 
vacuum  conditions. 

1.  Unproven/unknown  technology 
for  THz  spectroscopy. 

2.  Requires  re-examination  of  all 
target  analytes. 

3.  May  not  generate  sufficient  ion 
current  to  be  detected  by  THz 
spectroscopy. 

4.  ??? 

2-D  Sorbents 

1.  Desorb  analytes  in  or  at  the  THz 
cell 

2.  May  ehminate  need  for  purge  gas. 

3.  Custom  replacement  part  that  will 
require  future  purchases. 

1.  Requires  up-front  engineering  - 
no  off  the  she  If  product. 

2.  Loading  capacity  may  lower  that 
some  3-D  sorbent  tubes. 

3.  Sensitive  to  O2  and  H2O  when  at 
elevated  temperatures. 

4.  Limited  lifetime. 
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3.2  Explanation  of  System  Operation 

The  concept  of  operation  for  the  SAPM  was  designed  to  acquire  an  air  sample,  desorb  trace 
constituents  into  the  THz  cell,  and  evacuate  system  components.  The  sequence  of  operations  is 
shown  graphically  in  Figures  3.2-3.9.  Before  the  sequence  begins,  we  assume  that  aU 
conponents  are  already  operational  and  have  reached  a  suitable  state  of  equilibrium.  First,  the 
system  is  prepared  for  measurement  by  evacuating  the  THz  cell  to  below  1  mTorr  (Figures  3.2 
and  3.3).  Next,  the  air  sample  is  drawn  through  the  SMM  (either  sorbent  tube  or  disk)  by  means 
of  the  diaphragm  pump  (Figure  3.4).  The  total  volume  of  air  processed  is  equal  to  the  pumping 
speed  of  the  pump  (1.2  L/s  with  inlet  filter,  4  L/s  maximum)  times  the  duration  of  the  sample 
acquisition.  After  sample  acquisition  is  complete,  the  SMM  is  pumped  first  by  the  diaphragm 
puirp  (Figure  3.5)  and  then  by  the  turbomolecular  pump  (Figure  3.6).  The  trace-level  gases 
trapped  from  the  air  sairple  are  then  desorbed  into  the  THz  cell  by  heating  the  sorbent  to  250°C 
(Figure  3.7).  While  the  THz  spectroscopic  measurement  is  being  conducted,  the  SMM  may  be 
puirped  down  again  (Figure  3.8).  Finally,  the  cell  is  evacuated  (Figure  3.9),  and  if  the  SMM 
temperature  has  relaxed  below  50°C,  then  the  sample  acquisition  process  starts  over  again  with  a 
new  air  sample. 


Figure  3.2.  Evacuation  of  the  THz  ceU  (MSM)  via  the  diaphragm  pump 
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Figure  3.3.  Complete  evacuation  of  the  THz  cell  via  the  turho  pump  (below  1  mXorr) 


Figure  3.4.  Flow  of  air  sample  through  SMM  via  the  diaphragm  pump 
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Figure  3.6.  Complete  evacuation  of  the  SMM  via  the  turbo  pump 
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Figure  3.7.  Desorption  of  captured  trace  gases  into  the  THz  ceU 


Figure  3.8.  Optional  evacuation  of  SMM  durii^  THz  spectroscopic  measurement 
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Figure  3.9.  Completion  of  THz  measurement  and  evacuation  of  THz  cell 


3.3  R&D  Leading  to  Phase  2  Improvements  (Size,  Volume,  Cost,  Speed,  Performance) 

Much  of  Batte lie’s  effort  in  devefoping  the  SAPM  focused  on  engineering  design  and 
optimization  of  the  pumps,  manifolds,  valves,  pressure  transducers,  heaters,  and  associated 
electronics.  Additionally,  Batte  lie  focused  on  characterizing  the  performance  of  common  sorbent 
materials  against  candidate  MACS  analytes.  The  major  R&D  efforts  that  will  enable  significant 
Phase  2  improvements  involved  radical  improvements  to  the  standard  sorbent  tube  technology 
(Section  3.3.1)  and  identifying  a  suitable  path  forward  for  reducing  overall  system  size,  weight, 
and  power  consumption  (Section  3.3.2). 

3.3.1  2D  Sorbent  R&D 

The  objective  of  this  effort  was  to  develop  a  two-dimensional  (2D)  concentrator  that  meets 
performance  requirements  (>10^  concentration)  within  the  required  MACS  operation  cycle 
(~5  minutes  to  acquire  and  process  air  sample). 

The  2D  concentrator  was  developed  to  address  potential  hmitations  in  standard  concentrator 
designs.  Standard  concentrators  are  based  on  weU-known  packed-bed  sorbent  tubes  used  to 
collect  and  concentrate  trace  targeted  constituents  (analytes)  from  air.  In  practice,  a  measured 
volume  of  air  is  drawn  through  a  tube  containing  a  packed  bed  of  sorbent  material  at  ambient 
temperature.  The  targeted  analytes  are  retained  by  the  sorbent  material.  Most  atmospheric  gases 
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are  not  retained  and  pass  through  the  sorbet  bed.  When  the  desired  amount  of  air  has  passed 
through  the  sorbent,  an  inert  gas  is  introduced  flowing  in  the  opposite  direction,  and  the  tube  is 
rapidly  heated  causing  the  analytes  to  be  desorbed  back  into  the  gas  phase  where  they  are  swept 
away  (purged)  by  the  inert  gas.  Depending  on  the  relative  absorption  efficiencies,  and  relative 
volumes  of  initial  air  collected  and  reversed  gas  flow,  trace  constituents  in  air  can  be 
concentrated  to  arbitrarily  high  levels. 

Design  constraints  on  the  MACS  system,  however,  limit  the  use  of  this  strategy  to  achieve  the 
desired  detection  sensitivity.  In  particular,  because  of  the  pressure  limitations  of  the  terahertz 
(THz)  ceU,  no  purge  gas  can  be  used  to  carry  desorbed  analytes  to  the  detector.  Instead,  analytes 
would  be  desorbed  into  a  vacuum  and  migrate  into  the  cell  driven  only  by  molecular  diffusion. 
The  packed-bed  design  of  the  sorbent  collector  that  enhances  capture  of  analyte  molecules  was 
expected  to  inhibit  their  free  diffusion  back  through  the  packed  bed  to  the  THz  ceU. 

A  2D  sorbent  bed  would  ehminate  the  3D  tortuous  path  that  a  desorbed  analyte  must  negotiate  as 
it  diffuses  from  the  sorbent  to  the  THz  ceU  and  reduce  the  chances  that  the  analyte  will  be  re¬ 
sorbed.  By  placing  a  2D  sorber  as  close  as  possible  to  the  THz  cell,  by  facing  the  2D  sorbent- 
coated  surface  of  the  sorber  toward  the  ceU  opening,  and  by  engineering  the  connection 
(including  the  valve)  to  the  ceU  to  enhance  molecular  diffusion,  the  amount  of  collected  analyte 
that  will  be  transferred  into  the  cell  for  detection  can  be  maximized. 

In  addition,  a  2D  concentrator  would  reduce  the  system  dead  volume  that  would  need  to  be 
evacuated  during  each  collect/desorb  cycle,  thus  decreasing  overall  cycle  time  and  increasing 
system  sensitivity.  Finally,  the  2D  concentrator  wiU  have  significantly  less  thermal  mass  than  a 
sorbent  tube,  thus  reducing  the  power  required  to  heat  the  concentrator  rapidly  for  desorption  and 
reducing  the  cool-down  time  during  each  cycle. 

The  2D  concentrator  design  was  based  on  the  assunption  that  no  carrier  gas  can  be  used  to  move 
desorbed  analyte  molecules  from  the  sorbent  to  the  THz  cell  because  of  total  pressure  limitations 
in  the  cell.  To  address  this  design  constraint,  the  sorbent  was  configured  with  the  highest 
area/volume  ratio  as  possible  (to  reduce  possible  secondary  sorption  of  analyte).  In  the  current 
embodiment  of  the  2D  concentrator,  the  sorbent  is  configured  as  a  near  monolayer  of  sorbent 
particles  on  a  flat  surface.  To  optimize  the  path  of  the  desorbed  analyte  molecules  to  the  cell,  the 
sorbent- covered  surface  will  face  the  access  port  to  the  THz  cell,  will  be  positioned  as  close  as 
possible  to  the  cell,  and  the  connecting  hardware  (valves,  tubing)  will  have  the  largest  possible 
diameter.  In  addition,  dead  volume  between  the  concentrator  and  the  ceU  has  been  minimized. 
The  concentrator  is  built  on  a  0.020- in  thick  quartz  plate  to  minimize  thermal  mass,  thus 
decreasing  both  the  heat  and  cooUng  cycle  times.  The  concentrator  resistive  heater  is  laid  directly 
onto  the  quartz  plate  to  reduce  thermal  mass  associated  with  the  heater.  A  1- inch  diameter  quartz 
substrate  is  used  to  increase  the  available  area  for  sorbent  loading.  The  sorbent  is  applied  to  the 
surface  opposite  the  heater  by  a  suitable  adhesive. 

The  current  design  of  the  heater  element  is  shown  in  Figures  3.10  and  3.11.  The  metal  selected 
for  the  heating  element  is  titanium.  Line  widths  at  the  center  will  be  25  pm  grading  over  a  series 
of  47  concentric  circles  to  1200  pm  at  the  edge  of  the  heater  area.  The  estimated  total  resistance 
of  the  heater  is  approximately  24  □  .  Battelle  uses  standard  cleanroom  photoliflio graphic 
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processes  to  form  the  heater  pattern  in  a  thin  film  coating  of  titanium  on  the  1-inch  diameter 
fused  silica  discs.  The  heater  pattern  consists  of  a  radial  mesh  pattern  with  a  center  electrode  and 
a  circular  outer  electrode.  A  precision  chrome -on- glass  photomask  containing  the  heater  design 
was  purchased  from  a  vendor.  Battelle  applied  a  thin  coating  of  UV-hght  sensitive  photoresist  on 
to  one  surface  of  the  1-inch  disc,  then  brought  the  photomask  into  intimate  contact  with  the 
photo  resist- coated  part  for  a  UV  exposure  step.  The  exposed  regions  of  photoresist  became 
cross- hnked  and  rendered  insoluble.  The  unexposed  regions  of  the  pattern  were  developed  away 
in  an  aqueous  developer.  We  applied  a  thin  film  coating  of  vacuum- deposited  titanium  metal  on 
the  patterned  discs.  The  dises  were  immersed  in  a  solvent  to  remove  or  “lift-off’  the  unwanted 
titanium  located  on  photoresist  patterned  areas.  The  metal  left  was  the  patterned  titanium  radial 
mesh  and  electrodes  firmly  affixed  to  the  fused  silica  discs. 


Figure  3.10.  High  level  design  of  the  integrated  heater  and  quartz  substrate 
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610963  MACS  MASK  RADIAL  MESH 
DETAIL  1 


Figure  3.11.  Detail  of  titanium  mesh  heater  design 

The  sorbent  material  was  attached  to  the  quartz  substrate  by  a  suitably  chosen  adhesive  material 
Based  on  the  literature  and  our  experience,  three  commercially-available  adhesives  were 
considered:  sodium  silicate,  poly(dimethylsiloxane)  [PDMS],  and  polyimide.  PDMS  was 
selected  for  further  development  because  it  is  heat  and  oxidatively  stable  at  the  expected 
operating  temperatures,  provides  a  non-brittle  coating,  and  is  expected  to  provide  additional 
strength  to  the  2D  concentrator  substrate.  In  addition,  PDMS  is  a  sorbing  material,  thus 
contributing  to  the  overall  collecting  capacity  of  the  2D  concentrator.  Development  to  date  has 
used  a  spin-coated  adhesive  layer  ~  0.001  inches  thick.  This  is  adequate  to  secure  adhere  the 
individual  sorbent  grains  without  blinding  too  much  of  the  active  surface. 

The  PDMS  adhesive  is  prepared  by  a  two-part  thermal  cure  process  in  xylene  solvent.  Curing  is 
accomplished  by  heating  at  150°C  for  1.5  hours.  Thorough  removal  of  xylene  solvent  and  any 
other  volatiles  will  be  confirmed  by  GC-MS  analysis  of  cured  adhesive.  If  xylene  or  any  other 
outgassed  compound  is  detected,  an  additional  evacuation  step  will  be  added  to  the  PDMS  curing 
procedure.  Outgassing  of  the  adhesive  is  not  expected  to  be  a  factor  if  the  curing  process  is 
conducted  according  to  the  manufacturer’s  process. 
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There  are  many  commercially-available  sorbets  that  can  be  considered  for  the  SAPM  mission 
module.  We  selected  a  limited  number  based  on  a  hterature  review  of  materials  known  to 
effectively  sorb  the  TICs  of  interest.  Limited  testing  (using  3D,  packed-bed  tubes  only)  has  been 
conducted  on  Carbosieve  G  and  Sin,  Carbotrap  C  and  F,  and  Carboxen  1000,  1016,  1018,  and 
569.  Based  on  initial  results,  most  subsequent  testing  was  conducted  with  Carboxen  1000. 
Currently  we  are  using  a  40/60  mesh  product  (0.025  -  0.017  inch  diameter)  for  the  sorbent 
material  These  small  sorbent  grains  are  apphed  by  dropping  or  pressing  them  into  the  adhesive 
before  it  is  thermally  cured.  Non-adhered  grains  are  removed  by  tapping  the  substrate  to  remove 
excess  grains.  Figure  3.12  shows  an  example  of  sorbent  grains  attached  to  a  polyimide  adhesive 
layer  on  a  test  substrate. 


Figure  3.12.  Microscopy  image  of  sorbent  grains  attached  to  a  test  surface  with  polyimide 
adhesive 

The  design  for  the  2D  housing  has  an  axial  inlet  flow  toward  the  center  of  the  sorbent -coated 
side  of  the  concentrator  with  radial  outlets  to  shape  and  distribute  the  gas  flow,  as  shown  in 
Figure  3.13.  Design  features  in  the  inlet  path  and  within  the  cell  are  incorporated  to  ensure  a 
turbulent  flow  regime  to  optimize  mass  transfer  to  the  concentrator  surface.  Computational  fluid 
dynamics  (CFD)  modeling  (FLUENT)  was  used  to  visualize  the  air  flow  at  the  concentrator 
surface.  The  design  balances  air  velocity  (increases  in  which  increase  turbulence),  pressure  drop, 
and  contact  time  (increases  in  which  require  a  lower  air  velocity).  Key  adjustable  parameters  are 
the  flow  channel  height  and  length/height  ratio,  shown  in  Figure  3.14. 
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Figure  3.13.  2D  concentrator  housing  showing  single  axial  inlet  and  multiple  radial  outlets 
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Figure  3.14.  2D  concentrator  housing  showing  critical  flow  dimensions 


The  CFD  modeling  effort  considered  several  design  options  for  the  2D  concentrator  housing 
shown  in  Figures  3.13  and  3.14.  In  a  prehminary  set  of  runs,  a  variety  of  dimensions  were 
explored  for  the  channel  height  (gap  above  the  2D  concentrator  disk)  and  the  diameter  of  the 
tube  connecting  the  disk  to  the  cell  In  all  cases,  the  configuration  was  assumed  to  be 
axisymmetric,  which  sinplified  the  calculations  considerably.  Mass  transfer  at  the  disk  surface 
was  approximated  by  assuming  no  mass-transfer  resistance  at  the  surface  (tracer  gas 
concentration  set  to  0).  A  total  of  four  configurations  were  modeled  for  two  air  flow  rates 
(1  L/min  and  5  L/min)  and  two  flow  directions  (forward  and  reverse).  Figure  3.15  shows  an 
example  of  the  graphical  output  fromone  of  the  modeling  runs.  Figure  3.16  shows  the  estimated 
absorption  efficiency  based  on  each  housing  design  and  air  flow  configuration.  These  results 
assumed  that  the  sorbent  disk  collected  100%  of  tracer  material  that  was  incident  upon  it. 


Figure  3.15.  Graphical  depiction  of  CFD  modeling  output,  including  static  pressure  (left), 
velocity  magnitude  (center),  and  tracer  mass  fraction  (right) 
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Absorption  Efficiency 

Effect  of  Flow  Rate,  Fiow  Direction,  and  Design 
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Figure  3.16.  Efficiency  by  which  various  2D  housing  design  and  flow  configurations  collect 
tracer  gas  materials  onto  the  surface  of  the  sorbent  disk 


Based  on  the  outcome  of  these  prehminary  calculations,  a  set  of  recommendations  were 
developed  to  serve  as  the  basis  for  a  refined  set  of  calculations.  These  recommendations  include 
the  use  of  1/16”  axial  holes  in  holder,  a  0.03”  gap  above  disc,  and  reverse  flow  directioa  The 
primary  variable  tested  in  the  refined  set  of  calculations  was  the  tube  diameter  linking  the 
sorbent  surface  to  the  cell  A  range  of  diameters  were  considered,  including  1/16”,  1/8”,  3/16”, 
1/4”,  and  0.334”  (maximum  diameter).  Figure  3.17  shows  a  summary  of  the  results  of  these 
calculations.  Based  on  these  results,  Battelle  selected  a  diameter  of  1/8”  for  the  opening  directly 
above  the  sorbent  disk.  This  selection  was  based  on  maximizing  absorption  efficiency, 
minimizing  desorption  time,  and  optimizing  the  pressure  drop  (shown  in  Figure  3.18). 
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Absorption  Efficiency 

Effect  of  Fiow  Rate,  Fiow  Direction,  and  Design 
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Figure  3.17.  Refined  efficiency  by  which  various  2D  housing  design  and  flow  configurations 
coUect  tracer  gas  materials  onto  the  surface  of  the  sorbent  disk 


Figure  3.18.  Pressure  drop  associated  with  various  2D  housing  design  and  flow 
configurations 

Tests  of  the  2D  concentrator  system  were  conducted  and  are  presented  in  Section  3.5.2.  In  the 
end,  the  final  deliverable  SAPM  system  incorporated  3D  sorbent  tubes  rather  than  2D  sorbent 
disks.  Battelle  chose  this  path  because  the  schedule  and  budget  did  not  permit  as  much  testing  of 
the  system  as  would  be  required  to  demonstrate  system  performance.  The  3D  sorbent  tubes, 
while  not  ideal  from  a  power  and  timing  perspective,  were  known  to  perform  based  on  sorbent 
testing  described  in  Section  3.5.1.  The  R&D  associated  with  the  2D  system,  however,  is  quite 
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valuable  for  work  to  be  performed  under  Phase  2.  The  2D  system  requires  significantly  less 
power  to  heat  (for  desorption)  and  significantly  less  time  to  cool  (in  preparation  for  subsequent 
sanple  acquisitions).  In  addition,  the  2D  system  may  be  configured  to  handle  multiple  sorbent 
materials  or  may  be  multiplexed  for  increased  sensitivity  or  specificity. 

3.3.2  Reduced  System  Volume,  Weight,  and  Power 


Battelle  has  also  focused  on  how  to  reduce  the  volume,  weight,  and  power  consumption  of  the 
SAPM  under  Phase  2.  The  primary  driver  is  the  punping  system,  which  occupies  over  half  of  the 
SAPM  volume  and  consumes  well  over  half  of  the  total  power  (~20  W  each).  Table  3.2 
summarizes  the  dimensions  of  the  key  SAPM  conponents,  including  the  punpes.  The  current 
punping  system,  manufactured  by  Pfeiffer,  is  a  combination  of  a  diaphragm  punp  (Part  No.) 
and  turbo  molecular  punp  (Part  No.).  While  these  COTS  pumps  are  among  the  smallest  on  the 
market,  they  provide  higher  levels  of  performance  and  are  much  larger  than  is  required  for  the 
MACS  system.  As  a  result,  they  serve  a  dual  purpose  in  the  SAPM  by  evacuating  the  cell  to 
pressures  below  1  mTorr  and  drawing  the  air  sample  through  the  system  at  1-5  L/min.  An  ideal 
solution  would  be  to  incorporate  a  single,  miniaturized  mechanical  punp,  but  none  is  available 
on  the  open  market. 


Table  3.2.  Summary  of  SAPM  component  sizes 


Equipment  List 

ID  Tag 

Manufacturer 

Model 

Envelope  Size,  in 

Envelope  Volume, 
in''3 

Volume, 

Packaging 

Efficiency 

System 

SAPM-1 

Battelle 

13.5  X  10X5 

675 

217.8 

32.3% 

Pumps 

DIAPHRAGM  PUMP 

Pfeiffer 

MVP  006 

7.1  X  4.2  X  3.9 

116.3 

70.6 

60.7% 

TURBO  PUMP 

Pfeiffer 

TPD011 

6.6  X  4.6  X  4.2 

127.5 

55 

43.1% 

Valves 

V1  -  INLET/SMM 

CKD 

GFVB25-2-0-B2CS-3 

1.9X  1.7X0.9 

2.9 

2.1 

72.4% 

V2  -  SMM/DIAPHRAGM 

CKD 

GFVB25-2-0-B2CS-3 

1.9X  1.7X0.9 

2.9 

2.1 

72.4% 

V3  -  TURBO/DIAPHRAGM 

CKD 

GFVB25-2-0-B2CS-3 

1.9X  1.7X0.9 

2.9 

2.1 

72.4% 

V4  -  CELL/TURBO 

CKD 

GFVB55-2-0-B2CS-5 

2.9  X  2.5  X  1.7 

12.3 

8.4 

68.3% 

V5  -  SMM/TURBO 

CKD 

GFVB55-2-0-B2CS-5 

2.9  X  2.5  X  1.7 

12.3 

8.4 

68.3% 

V6  -  SMM/CELL 

CKD 

GFVB55-2-0-B2CS-5 

2.9  X  2.5  X  1.7 

12.3 

8.4 

68.3% 

CV1  -  DIRECT  INJECT  /  BLEED 

Pfeiffer 

RME  005 

1.8  X  0.8  X  1.3 

1.9 

1 

52.6% 

Manifold 

HIVAC  MANIFOLD 

Battelle 

N/A 

1.8X  1.3X  1.1 

2.6 

2.2 

84.6% 

SMM  OUTLET  MANIFOLD 

Battelle 

N/A 

1.7  X  1.1  X0.4 

0.7 

0.5 

71.4% 

DIAPHRAGM  PUMP  MANIFOLD 

Battelle 

N/A 

7.5  X  2.3  X  1.73 

29.8 

15.9 

53.4% 

In  the  late  stages  of  Phase  1,  the  MACS  team  became  aware  of  miniaturized  pumps  that  were 
developed  by  Raytheon  Sarcos  for  DARPA.  The  most  relevant  pump  system  is  a  combination  of 
dual  piston  punps  and  a  molecular  drag  pump.  This  system  occupies  a  httle  more  than  13  in^, 
weighs  approximately  1  lb,  and  draws  7  W  of  power.  The  Phase  2  SAPM  can  be  shrunk 
significantly  if  this  punp  system  is  viable  and  within  a  suitable  price  range  (they  have  to  be 
custom  built  by  Raytheon  Sarcos).  This  system  will  only  be  able  to  evacuate  the  cell;  it  does  not 
have  sufficient  capacity  to  draw  the  air  sanple  through  the  sorbent.  Battelle  has  identified 
several  COTS  miniature  diaphragm  punp  options  that  can  pull  the  air  sanples  at  3-4  L/min. 
Generally,  these  punps  occupy  less  than  8  in^,  weigh  less  than  0.5  lb,  and  draw  less  than  10  W. 


With  the  combination  of  the  Raytheon  Sarcos  pumps  and  the  COTS  miniature  diaphragm  punps, 
Battelle  believes  that  the  overall  SAPM  size  and  power  can  be  reduced  substantially  (1/6  of  the 
Phase  1  volume,  less  than  1/5  of  the  weight,  and  less  than  1/3  of  the  power). 
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Another  way  that  the  overall  SAPM  volume  and  weight  can  be  reduced  is  to  re-engineer  the 
SAPM  manifold,  currently  fabricated  from  blocks  of  stainless  steel,  and  investigate  additional 
valving  options.  While  not  as  significant  as  the  purrps,  the  valves  are  quite  large  due  to  the 
requirements  on  tubing/manifold  channel  dimensions.  Battelle  hopes  to  balance  these 
requirements  and  determine  if  other  valve  options  are  available  that  can  provide  size,  weight,  and 
power  improvements. 

As  described  above  in  Section  3.3.1,  the  2D  sorbent  system,  which  Battelle  intends  to  implement 
fully  under  Phase  2,  will  provide  additional  power  savings  due  to  the  smaller  thermal  mass  of  the 
sorbent  disk  compared  to  the  3D  sorbent  tube.  Less  power  will  be  required  to  heat  the  sorbent 
disk  in  order  to  desorb  trapped  molecules,  and  less  time  will  be  required  to  heat  and  cool  the 
disk,  offering  improvements  in  the  time  scale  of  SAPM  operations. 

3.4  Module  Design  Specifications  and  Engineering  Drawings 
The  design  requirements  for  the  SAPM  system  are  derived  from  the  overall  MACS  system 
requirements.  These  include  the  following  explicit  system  requirements,  with  derived 
requirements  listed  as  sub-bullets: 

•  MACS  volume  =  1  ft^  (1728  in^) 

o  Final  SAPM  allocation  was  699  in^ 

•  Detection  sensitivity  =  100  ppt 

o  M  inimum  S  APM  co  nee  ntratio  n  fac  tor  o  f  1 0"^ 
o  SAPM  flow  rate  of  at  least  1  L/min 
o  THz  base  cell  pressure  <  1  mTorr 
o  THz  operational  cell  pressure  ~  10  mTorr 

•  Measurement  cycle  time  =  10  min 

o  SAPM  cycle  time  ~5  min 
o  SAPM  flow  rate  of  at  least  1  L/min 

•  MACS  weight  =  30  lb 

o  Final  SAPM  weight  was  23  lb 

•  MACS  power  consumption  =  25  W 

o  Final  average  SAPM  power  consumption  =  80  W 

To  meet  these  explicit  and  derived  system  requirements,  Battelle  developed  the  system  shown 
schematically  in  Figure  3.1.  An  annotated  photograph  of  this  layout  is  shown  in  Figure  3.19.  The 
SAPM  is  comprised  of  two  major  sub- systems,  the  SBM  and  SMM.  The  SBM  includes  all 
electronic  and  mechanical  components  necessary  to  acquire  an  air  sample,  evacuate  the  THz  cell, 
and  communicate  with  the  MACS  central  computer.  The  SMM  includes  the  sorbent-based  pre¬ 
concentrator  system  that  extracts  trace  gas  constituents  from  the  bulk  air  sample.  Each  sub¬ 
system  is  described  in  further  detail  in  the  following  sub-sections. 
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Figure  3.19.  Annotated  photograph  of  the  SAPM  system 

3.4.1  SBM Mechanical  System 

The  SBM  mechanical  system  was  designed,  developed,  and  tested  to  he^  meet  the 
aforementioned  design  requirements.  The  details  of  the  SBM  irKchanical  components  and 
mechanical  drawings  are  provided  in  Appendix  3.1. 

3.4.2  SBM  Electronic  System 

The  SBM  electronic  system  was  designed,  developed,  and  tested  to  help  meet  the 
aforementioned  design  requirements.  A  Circuit  Card  Assembly  (CCA)  controls  the  interface  to 
the  SAPM  for  the  central  conputer  and  controls  the  collection  and  processing  of  samples.  It 
interfaces  with  the  pressure  transducers,  THz  stepper  motor,  SMM,  heaters,  and  valves.  The 
CCA  incorporates  the  following  components: 

•  Freescale  microprocessor 

-  16-Bit  CPU12X,  512K  Byte  Flash,  20K  Byte  RAM,  4K  EEPROM 

•  SAPM  controller  firmware  for  the  Freescale  microprocessor 

-  Written  in  C  with  C-t-l-  style  commenting 

-  Firmware  is  updateable  through  debug  port 

-  Function- based  code 

•  Firmware 

-  Inputs:  Micropirani  gauges,  baratron  gauge,  thermocouples 

-  Outputs:  Diaphragm  pump,  turbo  pump,  valves,  heaters,  stepper  motor 

•  SAPM  flexibdity  provided  through  excess  capabdity  within  the  controller 
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The  details  of  the  SBM  electronic  components  and  several  mounting  plate  drawings  are  provided 
in  Appendix  3.2.  In  addition,  the  Serial  Control  Interface  document  is  provided  in  Appendix  3.3 
and  the  CCA  Requirement  Specification  document  is  provided  in  Appendix  3.4. 

3.4.3  SMM  Design 

Two  SMM  concepts  were  designed  and  tested  for  the  SAPM:  the  3D  sorbent  tube  and  the  2D 
sorbent  disk.  Only  the  3D  sorbent  tube  was  implemented  in  the  final  deliverable;  additional 
development  of  the  2D  system  is  required  before  implementation.  Numerous  sorbent  materials 
were  tested,  as  described  in  Section  3.5.  Mechanical  drawings  for  the  3D  sorbent  tube  and  the  2D 
sorbent  disk  housing  are  provided  in  Appendix  3.5. 

3.5  Module  Performance  (Measures  and  Results) 

3.5.1  SAPM  System  Performance  Verification 

Numerous  tests  were  conducted  to  characterize  the  performance  of  the  SAPM  to  verify  that  the 
SAPM,  and  ultimately  the  integrated  MACS  system,  will  meet  the  performance  requirements.  A 
summary  of  the  results  of  these  tests  are  presented  in  this  section. 

•  Verification  of  low  cell  pressure  -  tests  conducted  at  Battelle  and  at  Ohio  State  verified 
that  the  SAPM  pump  system  could  achieve  cell  pressures  below  1  mTorr.  In  these  tests, 
both  types  of  pressure  sensors  would  zero-out.  The  Baratron  goes  down  to  0.1  mTorr 
before  it  zeroes.  The  micropirani  goes  down  to  0.01  mTorr  before  it  zeroes.  At  the  low 
end  of  the  pressure  scale  for  either  gauge,  the  accuracy  of  the  pressure  measurement  is 
questionable.  Battelle  deems  that  it  is  safe  to  assume  that  the  ultimate  cell  pressure  is 
below  10  "^  Torr.  The  turbo  pump  is  rated  down  to  4x10’^  Torr. 

•  Verification  of  SAPM  air  sample  flow  rates  -  an  in-line  TSI  flow  meter  (range  of 
0.01-20  L/min)  was  used  to  monitor  the  air  sairple  flow  rate  through  the  sorbent  system. 
Without  a  filter  on  the  SAPM  inlet,  the  flow  rate  was  measured  to  be  as  high  as 
5.2  L/min.  With  a  2  □  m  filter  in  place  at  the  inlet,  the  flow  rate  was  reduced  to  1.2  L/min. 

•  Estimate  of  SAPM  system  power  consumption  -  the  Battelle  team  estimated  the  overall 
power  consumption  of  the  SAPM  system  over  the  course  of  a  typical  measurement  cycle. 
Figure  3.20  presents  estimates  of  the  power  consumption  for  individual  components  and 
the  overall  SAPM  system  over  time.  The  typical  average  power  consumed  is  80-100  W, 
with  peak  power  of  approximately  150  W. 

•  Verification  of  sorbent  heater  performance  -  3D  and  2D  sorbent  heaters  were  tested  to 
demonstrate  that  the  ultimate  temperature  was  obtainable  and  to  measure  the 
heating/cooling  time  scale. 

o  3D  sorbent  tube  -  the  heater  achieved  temperatures  above  250°C.  Figure  3.21 
shows  an  example  of  the  timing  of  the  heat  cycle.  Less  than  one  minute  is 
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required  to  achieve  160°C,  though  more  than  2  minutes  is  required  for  the  sorbent 
tube  to  cool  to  the  original  starting  temperature. 

o  2D  sorbent  disk  -  the  heater  achieved  temperatures  above  250°C.  Figure  3.22 
shows  an  example  of  the  timing  of  the  heat  cycle.  Current  estimates  indicate  that 
the  2D  sorbent  disk  takes  about  15  seconds  to  achieve  200°C  at  24  VDC,  and  20 
seconds  to  achieve  250°C.  The  disk  takes  about  1  minute  to  cool  to  an  operational 
teirperature  (<50°C). 
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Figure  3.20.  Estimate  of  SAPM  power  consumption  over  time  during  a  measurement 
sequence 
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Heating  and  Cooling  Rates  For  Nichrome  Wire 
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Figure  3.21.  Example  thermal  profile  for  a  nichrome  wire  heated  sorbent  tube 


Heating  and  Cooling  Cycle  of  Sorbent  Treated  Disc 
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Figure  3.22.  Example  thermal  profile  for  a  2D  sorbent  disk 


3.5.2  Sorbent  performance  testing 

The  objective  for  the  laboratory  investigation  of  gas-phase  concentrators  is  to  identify  a  suitable 
method  for  concentrating  trace-level  analytes  in  air  while  excluding  concomitant  gases  such  as 
nitrogen,  oxygen,  and  water  vapor.  Once  concentrated,  the  target  analytes  will  be  liberated  into  a 
spectrometer  for  analysis. 
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The  concentrator  technology  for  the  sample  acquisition  and  processing  module  (SAPM)  is  a 
critical  component  of  the  MACS  system  Experimental  evaluations  of  commercially  available 
sorbents  are  being  conducted  to  identify  and  characterize  a  variety  of  sorbents  that  will  achieve 
the  stated  goals  for  the  SAPM.  The  SAPM  must  collect  and  concentrate  up  to  30  analytes  from 
air  with  at  least  one  analyte  to  be  detected  at  a  concentration  of  100  pptv.  The  ideal  concentrator 
will  process  large  volumes  of  air,  and  selectively  retain  desired  target  analytes  while  excluding 
all  nonessential  gasses  such  as  nitrogen,  oxygen,  water,  etc.  Analytes  selected  for  these  tests 
were  identified  as  being  of  interest  to  one  or  more  Government  agencies  or  that  are  simulants  for 
highly  toxic  compounds. 

All  experiments  involving  sorbent  testing  have  been  conducted  on  a  modified  gas  chromatograph 
mass  spectrometer  (GC/MS)  system  A  test  system,  shown  schematically  in  Figure  3.23,  was 
constructed  and  used  for  all  sorbent  tests  to  date.  The  sorbent  tube  is  a  0.25  in  Sulfinert  treated 
stainless  steal  tube  packed  with  ~10  mg  of  sorbent.  Spring  chps  and  deactivated  glass  wool  are 
used  to  keep  the  sorbent  material  in  the  tube.  The  active  sorbent  bed  depth  is  <  1  mm. 


He  Purge  Gas 

Sorbent  Tube 

GC  Column 
and  Oven 


Figure  3.23.  Block  diagram  for  MACS  SAPM  test  system 

Using  established  procedures,  sorbent  tubes  were  spiked  typically  with  -500  ng  of  analyte 
diluted  off  hne  in  an  air  mixture.  Starting  with  neat  material,  target  analytes  were  serially  diluted 
in  glass  bottles  caped  with  Teflon  hned  septa  until  a  desired  concentration  was  achieved.  A  gas- 
tight  glass  syringe  was  used  to  withdraw  100  pL  of  gas  sample  standard  which  was  then  slowly 
spiked  into  the  inlet  gas  stream  of  the  sorbent  tube.  The  resultant  mixture  represents  an  analyte 
concentration  of  30  ppbv  in  10  L  of  atmosphere.  During  and  after  spiking,  a  total  of  10  L  of 
clean  air  is  pulled  through  the  sorbent  tube  (-1  L/min)  to  simulate  a  10  L  collection  volume. 

The  loaded  sorbent  tube  was  removed  and  transferred  to  an  inlet  manifold  system  attached  to  the 
injection  port  of  a  GC/MS,  shown  in  Figure  3.23.  A  Restek  RTX-1701  GC  column  (0.25  mm  ID, 
1.0  pm  frhn,  30  m  length)  was  installed  into  the  GC  oven.  The  GC  injection  port  was  equipped 
with  a  split/splitless  injection  port  with  a  quartz  inlet  liner  deactived  using  an  in-house 
hexamethyldisilazane  deactivation  process.  The  inlet  was  operated  in  the  spht  mode  with  a  spht 
flow  of  23  mL/min  and  a  column  flow  rate  of  1  ml, /min. 
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The  sorbent  tube  and  plumbing  were  evacuated  for  5.0  min  using  a  fore  line  pump.  The  base 
pressure  as  measured  on  a  thermocouple  pressure  gauge  located  on  the  inlet  housing  of  the 
foreline  pump  was  ~9  x  10'^  torr.  The  actual  pressure  in  the  sorbent  tube  was  unknown  but  is 
expected  to  be  higher.  During  this  time,  the  sorbent  tube  was  maintained  at  a  constant 
temperature  (room  teirperature,  50  °C,  or  100  °C).  The  transfer  hnes  and  injection  port  were 
heated  to  -130  °C  and  220  °C,  respectively. 

To  desorb,  the  valve  to  the  vacuum  puirp  was  closed  and  the  sorbent  tube  was  heated  rapidly  to 
-250  °C.  A  helium  purge  gas  (UHP  grade)  was  used  to  facilitate  the  transfer  of  analyte  from  the 
sorbent  tube,  through  the  gas  chromatograph,  and  to  the  mass  spectrometer.  The  desorbed 
analyte  flowed  into  the  GC  injection  port  and  onto  the  GC  column.  The  initial  temperature  of  the 
GC  oven  was  50  °C  and  was  held  there  for  10.0  min.  The  oven  was  then  heated  at  25  °C  min'^  to 
250  °C  and  held  for  24  min.  The  mass  spectrometer,  cahbrated  daily  with  directly  injected 
analytes,  was  operated  in  the  full  scan  mode  with  a  typical  mass  range  of  m/z  10  to  m/z  300. 

To  date,  eleven  sorbents  and  two  porous  layer  open  tubular  (PLOT)  columns  have  been  assessed 
using  approximately  60  sorbent/analyte  combinations.  The  sorption/desorption  efficiencies  for 
each  target  analyte  were  determined  along  with  the  exclusivity  of  the  sorbent  for  target  analytes 
and  atmospheric  components.  Using  these  methods,  independent  quantification  of  the  sorption 
and  desorption  efficiencies  cannot  be  readily  determined;  the  reported  efficiencies  are  the 
product  of  the  individual  sorption  and  desorption  efficiencies.  Blank-corrected  results  of  these 
analyses  are  summarized  in  Appendix  3.6. 

The  PLOT  columns  failed  to  retain  acetonitrile,  which  was  selected  as  the  initial  test  analyte  for 
the  system,  and  were  not  evaluated  further.  Carboxen  1000  was  able  to  selectively  trap  a  wide 
range  of  compounds,  with  varying  sorption/desorption  efficiencies.  To  date,  28  compounds  have 
shown  sorption/desorption  efficiencies  greater  than  10%  for  Carboxen  1000  while  17  analytes 
have  shown  recoveries  >  85%.  Some  analytes  exhibit  recoveries  greater  than  100%  and  this  is 
beheved  to  be  due  to  the  ubiquitous  natures  of  these  compounds  in  the  lab  air.  Though  not 
evaluated  to  date,  it  is  anticipated  that  using  humidified  zero  air  (high  purity  air  consisting  N2, 
O2,  H2O,  etc)  would  bring  these  recoveries  to  nearly  100%. 

Not  all  chemicals  exhibited  high  sorption/desorption  efficiencies  on  Carboxen  1000.  It  is  not 
clear  if  these  analytes  were  retained  and  not  desorbed  or  if  they  were  not  retained  at  all.  To 
achieve  high  sensitivities  on  the  MACS  system  for  analytes  that  exhibit  low  recoveries  on 
Carboxen  1000,  different  strategies  such  as  sampling  more  air  or  using  of  different  sorbent 
material  will  need  to  be  examined.  Both  scenarios  are  feasible  but  have  not  been  done  for  aU 
analytes  shown  in  Appendix  3.6.  The  maximum  flow  rate  through  the  sorbent  tube  while 
maintaining  high  capture  efficiencies  has  not  been  evaluated. 

The  sorption/desorption  efficiency  reproducibility  was  evaluated.  Six  rephcate  measurements 
were  made  using  acetonitrile  and  Carboxen  1000.  For  this  study,  the  mean  recovery  was  160% 
with  a  3.1%  RSD.  These  data  suggest  that  reproducible  results  can  be  achieved  using  sorbents  in 
a  3D  device.  Long  term  stability  measurements  have  not  been  made  but  will  be  attempted. 
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Penetration  of  acetonitrile  through  a  packed  3D  sorbent  tube  (breakthrough)  was  studied.  Using 
~10  mg  of  Carboxen  1000  (effective  depth  <  1  mm)  a  linear  response  (R^  =  0.99990)  up  to  a 
-12,000  ng  spike  is  obtained  (Figure  3.24).  This  suggests  that  little  breakthrough  had  occurred 
and  indicates  that  anticipated  collection  amounts  will  be  effectively  collected.  However,  at 
50,000  ng,  the  response  is  less  than  predicted  (dotted  line)  suggesting  that  some  breakthrough 
had  occurred. 


Figure  3.24.  Experimental  evaluation  (solid  line)  of  acetonitrile  breakthrough  as  challenged 
on  Carboxen  1000.  Dashed  line  is  theoretical  value  assuming  linear  response. 

The  sorbent  data  were  also  evaluated  in  terms  of  partial  pressures  and  the  ability  to  exclude 
atmospheric  gasses.  Using  acetonitrile  as  an  example,  a  500- ng  gas  phase  spike  would 
correspond  to  a  theoretical  partial  pressure  of  -  2.38  mtorr  in  a  100- mL  vessel  at  40  °C.  The 
pressure  of  the  sorbent  tube,  as  measured  on  the  inlet  manifold  of  a  mechanical  foreline  pump 
following  a  5  min  pump-down  time,  was  -9  x  10'^  torr.  The  actual  pressure  in  the  sorbent  tube 
was  not  measured  but  is  likely  higher  than  this  value.  This  pressure  is  ~9x  greater  than  the 
maximum  allowable  pressure  of  the  spectrometer. 

Based  on  the  GC/MS  data  from  the  sorption/desorption  experiments,  the  derived  partial 
pressures  for  the  atmospheric  components  for  acetonitrile  retained  on  Carboxen  1000  are  shown 
in  Table  3.3.  The  sorbent  tube  was  maintained  at  three  different  temperatures  during  evacuation. 
At  25  °C,  the  sum  of  partial  pressures  for  N2,  O2,  CO2,  and  H2O  is  7  x  lO'^  torr.  Elevating  the 
sorbent  tube  to  50  °C  and  100  °C  decreased  the  pressure  to  5.7  x  10  *  and  2.8  x  10  *  torr, 
respectively.  The  results  for  other  analytes  retained  on  Carboxen  1000  are  similar  (to  within  a 
factor  of  two).  Other  sorbents  that  effectively  retained  acetonitrile  were  no  better  at  excluding 
atmospheric  gases  than  Carboxen  1000. 


37 


Table  3.3.  Partial  pressures  of  acetonitrile  and  other  atmospheric  gas  components 


Acetonitrile 

N2 

O2 

CO2 

H2O 

p,  mtorr,  25  °C 

2.75 

323.3 

12.0 

11.5 

368.6 

p,  mtorr,  50  °C 

2.99 

162.9 

108.2 

13.9 

282.6 

p,  mtorr,  1 00  °C 

2.13 

137.3 

46.5 

4.4 

87.7 

Acetonitrile,  with  a  boding  point  of  ~  82  °C,  was  effectively  retained  when  the  sorbent  tube  was 
placed  under  vacuum  and  heated  to  100  °C.  The  atmospheric  gases,  however,  were  more 
effectively  removed  at  higher  temperatures.  This  suggests  that  some  gains  may  be  made  by 
evacuating  the  sorbent  tube  at  an  elevated  temperature  prior  to  desorption. 
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4  TM  (THz  Module) 

4.1  Summary  of  Trades  and  R&D  Leading  to  Design 


Figure  4.1.1.  Cavity  test  beds  used  for  cell 
analyses. 


The  trade  space  leading  to  the  THz 
Module  (TM)  was  very  large.  We 
adopted  the  strategy  of  finding  a  low 
risk  path  to  satisfy  the  18  month  GNG 
criteria,  while  at  the  same  time  laying 
the  foundation  for  an  enhanced  Phase  2 
system  Elements  of  the  TM  include  the 
spectroscopic  cell,  the  x  24  multiplier 
chain  and  mixer  chain  to  translate  the 
X-band  drive  to  210  -  270  GHz,  the 
transfer  optics,  a  wire  grid  power 
adjustment,  and  the  IF  signal  chain.  In 
general,  the  trade  space  of  each  of  these 
interacts  with  the  trade  space  of  the 
group  as  a  whole. 


Figure  4.1.2.  Test  system  for  the  development  of 
the  spectroscopy  and  hardware  for  the  Terahertz 

In  order  to  separate  the  molecular 
signatures  from  noise  and  system  systematics,  some  kind  of  modulation  is  required.  In  THz 
spectroscopy,  the  most  widely  used  and  proved  in  Frequency  Modulatition  (FM).  This  approach 
takes  advantage  of  the  fact  that  the  spectral  line  width  is  much  narrower  in  frequency  than  the 
systematic  variations  in  the  background  which  are  due  to  standing  waves,  source  and  detector 
response,  etc.  First  derivative  FM  discriminates  against  the  broader  system  features  according  to 
the  ratio  of  the  their  width  relative  to  the  hnewidth,  whereas  second  derivative  discriminates 


Cell  strategies  can  be  separated  into 
two  categories:  Those  that  use  resonant 
cavities  and  those  that  do  not.  While 
the  former  can  lead  to  significantly 
increased  effective  path  lengths, 
considerations  of  molecular  saturation, 
bandwidth,  and  analysis  speed  led  to 
the  selection  of  the  non- resonant 
approach.  This  decision  was  sohdified 
by  analysis  that  showed  that  we  would 
be  able  to  meet  the  GNG  without  the 
system  conplexity  (and  risk)  that  a 
cavity  system  would  introduce.  Figure 
4.1.1  shows  one  of  the  test  beds  for  this 
work. 
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according  to  the  square  of  the  ratio.  There  are  other  technical  considerations  and  in  the  end  we 
used  both  according  to  the  task  at  hand. 

Another  form  of  modulation  is  molecular  modulation,  usually  via  the  Stark  Effect.  This  has 
traditionally  been  used  primarily  at  low  frequencies  where  seeond  order  Stark  Effects  are  bigger. 
However,  we  were  able  to  show  experimentally  and  theoretieally  that  for  large  molecules  highly 
favorable  first  order  Stark  Effects  will  occur  in  larger  molecules.  These  larger  molecules  will  be 
a  foeus  of  Phase  2.  Aeeordingly,  we  adopted  EM  for  the  Phase  1  as  the  low  risk  path,  but 
explored  the  first  order  Stark  Effects  to  lay  a  foundation  for  Phase  2.  Figure  4.1.2  shows  the  test 
system  that  was  used  for  this  and  other  spectroscopic  studies. 

4.2  Explanation  of  System  Operation 

Figure  4.2.1  shows  the  TM  in  the  context  of  the  overall  system  The  receiver  accepts  a  20  dbm 
signal  from  the  FMS/Synthesizer  that  is  offset  from  the  transmit  signal  by  10.7  MHz/24  to 
provide  a  local  oscillator.  The  THz  transmitter  accepts  a  20  dbm  signal  from  the 
FMS/Synthesizer  and  multiplies  it  x24  to  produee  1  mW  in  the  210  -  270  GHz  frequeney  band. 
This  power  is  subsequently  attenuated  (to  minimize  molecular  saturation)  by  a  programmable 
wire  grid  polarizer.  The  output  from  the  transmitter  is  transmitted  through  aim  folded  cell  and 
detected  by  the  reeeiver  module.  The  mixer  in  the  receiver  has  a  noise  temperature  of  <3000K 
and  produces  a  10.7  MHz  IF  signal  to  the  ST  detector  and  digitizer.  The  output  of  the  IF  is  then 
detected  and  proeessed  either  by  the  digital  signal  proeessing  of  the  FMS  or  by  a  digital  loek-in 
card.  Gas  is  provided  to  this  cell,  its  pressure  monitored,  evacuated  by  the  SAPM. 


FMS/Computer  Terahertz  Module 


Figure  4.2. 1.  Elements  of  the  THz  Module  in  the  context  of  a  simplified  overall  MACS  system  -  to  show 
interfaces . 
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4.3  R&D  Leading  to  Phase  2  Improvements  (Size,  Volume,  Cost,  Speed,  Performance) 


Most  of  this  work  was  carried  out  by  VDI,  some  of  it  in  collaboration  with  OSU.  This 
research  was  focused  on  four  items:  (1)  The  reduction  of  broadband  noise  in  the  broadly  tunable 
RX/TX  systems  necessary  for  MACS,  (2)  Strategies  and  designs  for  reduced  size  and  power  in 
these  RX/TX  systems,  (3)  Improved  rehabihty  of  the  frequency  multipliers,  and  (4) 

Development  and  delivery  of  fixed  bias,  broadly  tunable  systems  for  a  600  GHz  channel  for  a 
Phase  2  MACS. 

(1)  Broadband  Noise:  From  the  beginning  of  the  program,  it  was  recognized  that  there  were 
two  fundamental  unknowns  that  had  the  potential  to  severely  impact  the  MACS  concept.  One  of 
these  was  the  impact  of  broad  band  noise  as  it  progressed  through  the  highly  non- linear 
multiplier  chains  of  both  the  RX  and  TX.  This  was  of  particular  concern  because  we  needed  to 
use  a  heterodyne  detector  to  detect  a  small  change  in  a  large  amount  of  spectrometer  excitation 
power.  To  our  knowledge,  this  had  never  been  done  in  the  context  of  broadband  tunable 
systems.  For  example,  similar  RX  systems  are  typically  used  to  detect  small  amounts  of  power 
(not  small  changes  in  a  large  amount  of  power)  in  radar,  imaging,  or  radio  astronomy 
applications. 

Indeed,  it  was  initially  found  that  the  RX  and  TX  systems  that  had  been  used  successfully 
when  independent  had  significant 
extra  noise  when  used  in  the 
configuration  required  by  MACS. 

However,  VDI  (working  in 
conjunction  with  the  amphfier 
vendor)  successfully  eliminated 
the  excess  noise,  and  in  doing  so 
removed  the  biggest  fundamental 
worry  about  the  viability  of  the 
MACS  spectrometer  concept. 

Although  this  issue  will  continue 
to  be  inportant  in  the  ongoing 
development  of  MACS  prototypes, 
this  Phase  1  effort  has 
demonstrated  that  this  is  a  solvable 
problem  that  will  not  impact  the 
performance  of  the  final  MACS 
systems. 

Figure  4.3.1  summaries  some  of 
this  work. 

(2)  Reduced  Size  and  Power:  Because  of  the  nature  of  the  small  market  for  THz  technology, 
systems  have  been  developed  by  mixing  and  matching  subunits  (anplifiers,  multipliers,  mixers, 
etc.)  -  each  of  which  occupies  its  own  waveguide  block  (see  Figure  4.3.3  below).  If  larger 


Figure  4.3.1.  Relation  between  measured  amphfer 
noise  as  a  function  of  signal  recovery  frequency  and 
power  in  comparison  to  the  Townes  limit. 


41 


quantities  of  a  particular  THz  system  are  required,  integration  into  a  single  block  would  not  only 
save  considerable  space  (virtually  aU  of  the 
block  volume  is  related  to  the  need  for  input  and 
output  waveguide  and  flanges),  but  also  reduce 
losses  and  increase  efficiency.  Accordingly, 

VDI  undertook  the  design  of  such  a  system  that 
could  be  used  for  a  Phase  2  system.  This  is 
shown  in  Figure  4.3.2.  Furthermore,  VDI  has 
recently  developed  several  integrated  multiplier 
chains,  including  a  x3x3  multipher  that  is 
presently  in  volume  production  for  the  ALMA 
program  (-150  units).  The  successful 
production  of  these  integrated  multipher  chains 
demonstrates  that  the 

concept  shown  in  Figure  2  can  be  reahzed  in  the 
Phase  2  MACS  program 


WR-4.3X6:  Integrated  Housing 

Integrated 
Conical  Horn 


Figure  4.3.2.  Size  and  form  of  integrated  VDI  system. 


Figure  4.3.2  shows  the  size  reduction  that  this  approach  can  achieve. 

(3)  Multipher  Rehabhity:  The  rehabhity  of  the  frequency  multiphers  is  a  primary  concern  for 
the  final  MACS  systems.  In  Phase  1,  several  of  the  multiphers  were  damaged  during  use  at  OSU. 
Although  VDI  was  able  to  rapidly  repair  these  coirponents,  it  was  critical  to  identify  the  cause  of 
the  failures,  and  develop  improved  components  with  greater  rehabhity.  Initiahy  the  fahures  were 
surprising,  since  the  same  multipher  design  is  often  used  at  higher  power  levels  with  good 
reliability.  However,  through  the  Phase  1  effort,  VDI  determined  that  an  additional  fahure 
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mechanism  must  be  considered  for  MACS-type  operatioa  Specifically,  it  was  found  that 
continuous  frequency  sweeping  of  the  system  causes  a  fairly  rapid  modulation  of  the  power 
disspated  in  the  multiplier  diode  chips.  It  was  the  resulting  thermal  transients  that  caused  the 
failures  experienced  in  Phase  1,  rather  than  an  increased  peak  temperature.  Failures  due  to 
thermal  transients  are  well  documented  in  the  semiconductor  industry,  and  VDI  has  recently 
learned  that  such  failures  occur  in  multipliers  where  the  input  power  is  modulated.  It  has  now 
been  demonstrated  that  frequency  sweeping  can  also  cause  similar  thermal  transients.  VDI  is 
presently  developing  design  strategies  to  reduce  this  problem  in  the  MACS  multipliers,  and  a 
new  design  of  the  critical  WR12x2  frequency  doubler  is  under  development. 

(4)  Broadband  High  Frequency  Source:  VDI  developed  and  delivered  a  broadband,  rapidly 
tunable,  high  frequency  Transmit/Receive  system  suitable  for  MACS.  This  600  GHz  channel 
was  originally  considered  a  part  of  the  Phase  1  system,  but  was  deferred  to  Phase  2  to  allow 
greater  Phase  1  emphasis  on  achieving  reduced  system  size.  The  new  system  developed  in  Phase 
1  is  fundamentally  better  than  previous  600  GHz  systems  because  the  broad  tuning  band  was 
achieved  without  any  manual  or  computer  controlled  adjustment  of  the  bias  of  the  various 
multipliers  as  the  frequency  is  swept.  Rather,  the  new  system  has  the  same  fixed  bias  and  fast 
tunabihty  as  the  210-270  GHz  systems  used  in  the  Phase  1  prototype.  Additionally,  this 
development  will  be  very  important  for  Phase  2  because  the  smaller  diffraction  higher  sensitivity 
at  600  GHz  provides  a  path  to  both  smaller  and  more  sensitive  systems. 
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5  FMS  (Frequency  Management  System) 


The  Frequency  Management  System  (FMS)  is  one  of  the  key  technologies  of  the  MACS  system. 
The  main  objectives  of  the  FMS  are  (a)  To  provide  LO  and  RF  signals  to  the  THz  module,  which 
are  then  multiplied  up  in  frequency  by  24  and  then  used  for  the  spectroscopy,  (b)  To  provide 
precise  frequency  knowledge  of  the  current  THz  output  frequency  to  the  MACS  system  for  both 
frequency  output  control  (in  order  to  perform  the  spectroscopy  we  need  precise  frequency 
knowledge  to  within  100  kHz  at  300  GHz  system  operation)  and  in  the  data  recovery,  (c)  To 
perform  frequency  sweeps  across  bands  of  frequencies  -  different  chemical  species  exhibit 
different  absorption  characteristics  over  different  excitation  frequencies,  and  (d)  The  perform 
data  processing  on  the  received  power  spectrum  input  from  the  THz  module,  including  all 
filtering,  averaging,  derivatives,  and  data  formatting. 

5.1  Summary  of  Trades  and  R&D  Leading  to  Design 

The  primary  system  concerns  (apart  from  the  functionality  listed  above)  were  (a)  Size  (b)  Power 
(c)  Ability  to  lock  to  a  given  frequency  quickly  and  to  perform  sweeps.  Some  of  the  tradeoffs 
are  explained  in  the  next  section. 

5.2  Explanation  of  System  Operation 

The  FMS  consists  of  two  PCBs  (RF  and  Digital)  along  with  a  YIG-tuned  oscillator. 

The  block  diagram  of  the  RF  module  is  shown  here. 

Dual  Band  RF  Module  rev  2.2 


Given  the  heterodyne  receiver  architecture,  the  FMS  was  responsible  for  generating  the  RF  and 
LO  outputs  fed  to  the  THz  module.  Because  the  output  of  the  x24  THz  module  was  in  the  range 
of  210-270  GHz,  the  input  frequencies  to  the  THZ  module  needed  to  be  in  the  range  of  8.75- 
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11.25GHz.  Unfortunately,  there  was  no  low  cost,  small  form  factor  synthesizer  module  which 
could  produce  these  frequencies  with  low  noise  and  quick  lock  time  (accuracy  was  NOT  an 
issue)  and  so  we  decided  to  use  a  combination  of  frequency  synthesizers  and  RF  mixers  to  create 
the  RF  and  LO  signals. 

Specifically,  the  architecture  consisted  of  two  ovenized  crystal  oscillators  (OCXO) 
accurate  to  within  50  ppb.  The  OCXOs  had  slightly  differing  output  frequencies,  such  that  when 
multiplied  up  by  the  synthesizers  and  THz  module,  the  final  frequency  difference  would  equal 
10.7  MHz,  used  by  our  heterodyne  receiver.  These  OCXO  signals  are  first  multiplied  up  in 
frequency  by  a  PLL/synthe sizer  chip.  Then,  these  signals  are  mixed  with  the  YIG  tuned 
oscillator  to  create  the  desired  RF  and  LO  frequencies. 

This  proposed  architecture  created  a  number  of  issues,  the  biggest  of  which  was  creating 
a  Spur-free  signal  for  the  spectroscopy,  specifically  by  eliminating  undesired  mixer  products 
before  they  entered  the  THz  module.  This  was  accomp fished  by  (a)  Bandpass  filtering  the  mixer 
outputs  to  pass  only  the  desired  LO  or  RF  output  frequency,  (b)  Carefully  selecting  the 
synthesizer  output  frequency  so  that  there  would  be  few  or  no  mixer  products  in  the  passband, 
and  (c)  dividing  up  the  passband  into  a  high  band  and  a  low  band  to  support  the  needed  filtering. 
The  bandpass  filters  and  band  switches  are  shown  in  the  block  diagram. 

Appropriate  signal  power  levels  needed  to  be  achieved  for  the  different  modules  on  the  RF  card, 
and  thus  amplifiers  (some  variable  gain)  and  attenuators  were  placed  throughout  the  main  signal 
path  to  achieve  the  desired  signal  levels  throughout  the  card.  An  important  requirement  of  the 
card  was  achieving  a  constant  power  output  over  the  whole  band  -  this  required  creating  precise 
trace  lengths,  impedances,  and  terminations  for  the  8.75-11.25  GHz  signals. 

The  YIG-tuned  oscillator  output  often  varies  over  time  with  changes  in  temperature,  vibration, 
normal  drift,  etc.  Thus,  in  order  to  maintain  a  highly  accurate  output  frequency,  the  FMS  needed 
a  control  loop,  to  make  changes  to  the  YIG  input  voltage  in  order  to  have  it  oscillate  at  the 
desired  output  frequency. 

To  accurately  record  the  current  output  frequency,  we  adopted  the  following  strategy. 
Because  we  only  needed  1.35  GHz  of  frequency  knowledge,  we  could  mix  the  current  output 
frequency  down  from  8.75-lO.lGHz  or  9.9-11.25  GHz  bands  down  to  0.05-1.4  GHz. 
Specifically,  this  is  accomplished  by  a  3'^‘*  synthesizer,  a  x2  multiplier  chip,  a  3'^‘*  mixer,  and  a  low 
pass  filter,  all  shown  at  the  bottom  of  the  block  diagram.  The  0.05-1.4  GHz  signal  is  then  sent  to 
the  digital  card  to  be  counted  by  the  fast  ECL  counters  (capable  of  counting  up  to  1.5  GHz)  and 
FPGA. 

Two  counters  (known  as  ping  pong  counters)  on  the  digital  card  alternate  counting  the 
current  output  frequency.  Every  millisecond,  one  counter  is  read  by  the  microcontroller  on  the 
digital  PCB  while  the  other  counter  is  counting.  The  counters  alternate  functions  every 
millisecond  so  that  an  accurate  (to  1  kHz)  count  could  be  maintained.  The  millisecond  boundary 
is  known  to  be  accurate  because  it  is  derived  from  the  42.8MHz  OCXO.  (Note:  Eventually,  the 
boundary  was  changed  to  approx  1.53  ms.) 

If  a  count  was  found  to  be  lower  than  expected,  the  microcontroller  outputs  a  new  value 
into  a  32-bit  DAC  on  the  digital  card.  The  DAC  output  was  filtered  and  sent  to  the  main  coil 
driver  of  the  YIG-tuned  oscillator  to  adjust  the  frequency  to  the  desired  value. 

The  block  diagram  of  the  digital  card  is  shown  below.  The  counters  are  shown  on  the  lower  left 
of  the  diagram. 
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To  perform  the  frequency  sweep,  an  integrator  op-amp  with  reset  switch  mechanism  was  used  on 
the  digital  card.  The  microcontroller  controls  a  16  bit  DAC  whose  output  voltage  controls  the 
rate  of  charge  accumulation  in  a  capacitor  connected  to  the  integrator  op  amp.  The  output  of  the 
integrator  op-amp  is  summed  with  the  32-bit  DAC  output  to  sweep  the  YIG  output  frequency 
over  time.  Sweeps  can  be  repeated  by  discharging  the  capacitor  (closing  the  switch)  and 
recharging  the  capacitor  (switch  open). 

The  final  section  of  the  digital  card  is  the  receiver  sectioa  The  10.7  MHz  IF  signal 
comes  into  the  card  and  is  immediately  passed  through  a  variable  attenuator  followed  by  an 
anplifier.  The  goal  is  the  get  a  maximum  input  voltage  at  the  square  law  detector  chip  so  as  to 
maximize  the  input  range  of  the  chip.  The  key  component  of  the  receiver  is  a  square  law 
detector  (self  multiplier  or  self  mixer),  which  multiples  the  input  signal  by  itself  to  produce  a  DC 
conponent  and  a  21.4  MHz  component.  The  21.4  MHz  component  is  tuned  out  using  the 
tunable  trap,  and  the  DC  signal  component  is  passed  along  to  2  ADC  chips.  One  ADC  is  called 
the  DC  ADC  which  is  used  to  measure  the  current  average  IF  power.  This  information  is 
coupled  with  the  AC  ADC,  which  is  used  to  measure  changes  in  the  IF  input  power.  Together, 
the  DC  and  AC  ADCs  provide  MACS  with  the  information  necessary  to  characterize  the 
chemical  under  test. 

As  mentioned  earlier,  the  FPGA  performs  the  data  processing  on  the  IF  spectrum  Data 
from  the  ADCs  is  read  by  the  FPGA,  which  averages  the  data,  and  optionally  takes  first  and 
second  derivatives  of  the  input  data.  Data  is  transmitted  back  to  the  central  computer  over  a  32 
bit  bus. 
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Lastly,  the  FPGA  and  microcontroller  control  frequency  modulation.  The  frequency  modulation 
is  used  to  cause  small  changes  in  the  output  frequency,  causing  changes  in  the  input  power 
spectrum.  These  changes  in  input  power  are  processed  by  taking  the  first  and  second  derivatives 
of  the  power  spectrum  in  the  FPGA;  this  information  (about  the  rate  of  power  change)  often 
more  accurately  characterizes  a  chemical  than  does  the  regular  power  spectrum  data. 


5.3  R&D  Leading  to  Phase  2  Improvements  (Size,  Volume,  Cost,  Speed,  Performance) 

One  of  the  requirements  for  Phase  2  is  to  perform  spectroscopy  both  at  210-270  GHz  and  at  540- 
660  GHz.  Unfortunately,  this  means  a  base  frequency  (before  the  THz  module)  of  8.75-13.75 
GHz. 

With  this  new  requirement,  filtering  undesired  spurs  from  8.75-13.75  GHz  will  introduce  more 
system  complexity  and  require  more  space  and  possibly  power.  In  order  to  avoid  these  issues,  a 
simpler  (but  more  costly)  architecture  is  being  adopted.  This  architecture  requires  the  use  of  two 
YIG- tuned  oscillators  to  generate  the  RF  and  LO  signals. 

The  following  paragraphs  are  taken  from  Dr.  Richard  C.  Eden,  describing  the  phase  2  proposed 
improvements. 


Power  reductions  in  the  MACS  Phase  II  precision  frequency  generation  system  could  be 
afforded  both  by  conponent  selection  and  by  altering  the  basic  architecture.  A  major  element  of 
power  is  the  main  coil  dissipation  in  the  YIG-tuned  oscillator.  This  can  be  greatly  reduced  by 
going  to  a  YIG-tuned  oscillator  design  incorporating  a  permanent  magnet,  such  that  the 
oscillation  frequency  with  no  apphed  coil  current  is  at  mid-band,  instead  of  at  losc=0  as  in  the 
normal  electromagnet  design,  as  used  in  the  MACS  Phase  I  frequency  generation  system.  For 
example,  consider  the  8.75 GHz  to  11.25GHz  (10.00+1.25  GHz)  YIG-tuned  oscillator  output 
frequency  sweep  that  goes  into  the  x24  multiplier  chain  to  produce  the  final  210GHz  to  270GHz 
(240+30GHz)  subnulhmeter  wave  output  sweep.  For  comparison  purposes,  imagine  that  the  YIG 
coil  sensitivity  and  resistance  were  unity  (1  amp/GHz  and  1  ohm),  then  with  the  conventional 
electromagnet  cod  YIG-tuned  oscillator,  the  DC  power  at  the  lOGHz  band  center  would  be 
PDC=Icoii^Rcoii=100W,  and  the  average  power  over  the  8.75GHz  to  11.25GHz  sweep  would  be 
100.52W.  On  the  other  hand,  if  the  permanent  magnet  YIG-tuned  oscillator  produces  lO.OOGHz 
with  lcoii=0,  then  the  DC  cod  power  at  the  lOGHz  band  center  would  be  zero,  and  the  average 
power  over  the  8.75GHz  to  11.25GHz  sweep  would  be  only  0.5208W,  193x  less  average  coil 
power  than  the  electromagnet  version.  In  addition  to  reducing  coil  power,  the  permanent  magnet 
version  of  the  YIG-tuned  oscdlator  is  less  sensitive  to  small  percentage  variations  in  the  cod 
drive  current.  For  example,  while  a  0.0001%  variation  in  Uoii  in  a  conventional  electromagnet 
YIG-tuned  oscdlator  produces  a  0.0001%  frequency  variation  (e.g.,  llKHz  at  f=llGHz),  with 
the  permanent  magnet  version,  the  same  0.0001%  variation  in  Uoii  produces  a  much  smader 
frequency  variation,  (e.g.,  l.OKHz  at  f=llGHz). 

In  the  MACS  Phase  I  system,  another  substantial  power  element  involved  the  high- 
frequency  ECL  input  stages  of  the  two  “ping-pong  counter”  frequency  divider  chains  used  for 
the  frequency  base  and  to  implement  the  frequency- locked  loop.  This  power  disspation  could  be 
reduced  greatly  by  going  to  a  faster  FPGA  such  that  fewer  ECL  stages  are  required  because  the 
FPGA  divider  stages  can  operate  at  much  higher  frequencies.  This  would  certainly  be  done  if  it 
is  decided  to  retain  the  frequency- locked  loop  architecture  for  Phase  II,  but  there  are  good 
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arguments  for  changing  to  a  phase- locked  loop  approach  for  the  MACS  Phase  11  precision 
frequency  generation  system  which  would  not  use  the  ping-pong  counters  at  all. 

One  of  the  most  serious  concerns  with  the  MACS  Phase  I  system  has  proven  to  be  the 
sensitivity  of  the  YIG-tuned  oscillator  frequency  to  external  environmental  effects  such  as 
temperature  and  magnetic  fields,  and  particularly  to  mechanical  stresses  and  vibration.  The 
frequency- locked  loop,  which  has  an  update  rate  of  about  Ims,  handles  drift  and  very  low 
frequency  disturbances  quite  well,  and  can  significantly  suppress  error  frequencies  up  to  about 
60Hz,  is  of  little  value  for  higher  frequency  interferers.  This  is  dealt  with  quite  effectively  in  the 
MACS  Phase  I  system  by  vibration- isolating  the  YIG-tuned  oscillator  and  turning  off  major 
interference  sources  such  as  the  vacuum  roughing  pump  while  scans  are  in  progress.  However, 
this  will  be  more  difficult  in  the  MACS  Phase  II  system,  both  because  it  is  more  compact 
(bringing  interfering  sources  closer  to  the  YIG),  and  because  it  is  intended  for  operation  in  more 
hostile  field  environments  where  the  external  vibration  levels  could  be  quite  significant.  Hence  a 
more  robust  frequency  generation  system  is  desired  for  the  MACS  Phase  II  system. 

The  loop  update  rate  (the  ping-pong  count  period)  in  the  MACS  Phase  I  system  was 
hmited  by  the  trade-off  between  the  need  for  frequency  precision  (which  favors  a  longer  count 
period  so  that  more  cycles  can  be  counted)  and  the  desire  to  access  the  count  data  more  rapidly 
(for  purposes  of  updating  the  frequency- locked  loop).  The  count  period  of  about  1ms  was 
selected  as  a  good  compromise,  but  as  noted  above,  does  not  allow  for  very  effective  suppression 
of  higher  frequency  (>100Hz)  interferers  by  the  FLL.  An  alternative  approach  which  avoids  this 
trade-off  is  the  use  of  a  phase- locked  loop  (PLL)  architecture  for  the  YIG-tuned  oscillator 
frequency  control.  In  a  PLL,  the  corrective  signal  is  developed  in  proportion  to  the  error  in  phase 
between  the  generated  signal  and  a  reference  signal,  which  occurs  much  more  quickly  than  does 
a  measurable  frequency  error.  This  allows  for  much  more  effective  feedback  control  of  the 
output  signal  (to  reduce  frequency/phase  errors)  with  a  PLL  than  is  possible  with  an  FLL. 

The  PLL  was  considered,  of  course,  for  the  original  implementation  of  the  MACS  Phase  I 
system  However,  at  the  time,  the  only  practical  hardware  available  to  implement  a  PLL- 
controlled  FCS  was  a  classical  analog  frequency  synthesizer  architecture,  in  which  a  variable- 
modulus  divider  is  used  to  divide  down  the  VCO  (e.g.,  YIG-tuned  oscillator)  output  for  phase 
comparison  with  a  fixed  precision  reference  frequency  (where  the  phase  error  signal  from  that 
conparison  is  loop  filtered  and  applied  back  to  the  frequency  control  input  of  the  VCO  [e.g., 
YIG  coil]).  This  architecture  proved  inadequate  for  meeting  all  of  the  MACS  Phase  I  system 
goals  because  the  settling  time  of  the  synthesizer  feedback  loop  is  too  slow  to  meet  high  scan 
rate  requirements.  We  also  considered  advanced  feed-forward/feedback  PLL  architectures  that 
might  be  implemented  with  FPGAs  that  would  allow  extension  of  the  PLL  concept  to  high  scan 
rates,  but  the  fundamental  requirement  for  a  time  interpolation  capabihty  between  the  fixed 
frequency  FPGA  clock  and  the  essentially  continuously  variable  signal  output  frequency  makes 
the  concept  difficult  to  realize  without  some  speciahzed  mixed-signal  circuitry  not  available  on 
an  FPGA  (and,  of  course,  the  design  cost  for  a  custom  chip  would  be  prohibitive). 

Fortunately,  in  the  interim  since  the  initiation  of  the  MACS  Phase  I  design,  a  commercial 
chip  has  become  available  that  can  serve  to  get  around  this  problem  and  make  a  PLL  approach 
workable  for  MACS  Phase  11.  This  key  component  is  the  direct  digital  synthesizer  (DDS)  chip, 
such  as  the  Analog  Devices  AD9912  IGHz  clock  rate  DDS.  The  analog  anti-aliasing  filter  on  the 
DDS  output  resolves  the  time  interpolation  issue  noted  above.  While  the  broadband  spur  levels 
from  these  DDS  chips  are  too  high  to  use  them  directly  as  the  FMS  source  driving  the  x24 
frequency  multipher  chain  (unless  a  narrowband  tuned  filter  such  as  a  YIG-tuned  narrowband 
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bandpass  filter  is  used),  this  DDS  output  should  make  an  excellent  reference  frequency  generator 
for  a  PLL  frequency  generation  approach.  While  numerous  detailed  design  implementations  are 
possible  for  the  DDS -re  fere  need  PCS,  the  basic  approach  is  to  utilize  the  ~400MHz  output 
frequency  range  of  the  DDS  chip  to  act  as  the  frequency  reference  for  the  YIG-tuned  oscillator. 
This  is  most  conveniently  done  by  using  the  DDS  in  a  higher  Nyquist  band  (e.g.,  in  the  3’^‘* 
Nyquistband,  l.OGHz  to  1.5GHz  nominal  for  the  l.OGHz  clock  rate  DDS),  possibly  with  an  RZ 
(return- to- zero)  comb  generator  circuit  on  the  DAC  output  to  enhance  performance  in  higher 
Nyquist  operation.  One  approach  would  be  to  simply  frequency  multiply  this  1.05 GHz  to 

I. 45GHz  output  up  to  the  YIG  output  frequency  range  of  interest.  While  this  would  be  simple 
and  very  low  power,  the  process  of  frequency  multiplication  increases  phase  noise  and  spur 
levels,  making  a  frequency  translation  approach  more  attractive  from  a  performance  standpoint. 

Iirplementing  the  MACS  Phase  II  frequency  control  system  with  a  frequency  translation 
approach  based  on  a  DDS  reference  means  breaking  the  YIG-tuned  oscillator  swept  frequency 
range  into  a  series  of  overlapping  sub-bands,  each  at  least  400MHz  wide  (i.e.,  the  8.75- 

II. 25GHz  input  range  into  the  x24  frequency  multipher  chain  would  be  comprised  of  at  least  7 
overlapping  sub-bands  [probably  at  least  8  or  10]).  The  frequency  translation  for  each  sub-band 
would  be  different,  in  order  to  shift  the  YIG-tuned  oscillator  frequency  down  into  the  1.05 GHz 
to  1.45GHz  DDS  output  range  (or  visa- versa)  for  phase  comparison.  This  frequency  translation 
source  could  itself  be  a  selected  comb  generator  harmonic  of  some  fixed  reference  oscillator 
(which  has  the  advantage  of  no  generator  settling  time),  or  a  standard  frequency  synthesizer 
(which  would  require  settling  time,  unless  a  pair  of  these  synthesizers  were  used  in  “ping-pong” 
operation).  In  either  case,  some  settling  time  would  be  required  for  the  DDS -referenced  phase- 
locked  loop  when  transitioning  from  one  sub-band  to  another.  However,  in  comparison  to  the 
overall  scan  times  these  sub-band  transition  times  are  insignificant,  particularly  in  light  of  the 
fact  that  the  sub-bands  are  overlapping  so  that  there  will  be  absolutely  no  cases  of  narrow 
frequency  range  scans  in  which  it  is  necessary  to  change  sub-bands  to  conplete  the  narrow,  high- 
rate  scan. 

Note  that  it  would  be  possible  to  use  the  DDS  reference  signal  itself,  translated  up  to  a 
higher  frequency  range,  as  the  exciter  input  signal  into  the  x24  frequency  multiplier  chains. 
Unfortunately,  the  spur  level  of  the  DDS  signal  is  substantial,  so  that  it  would  require  use  of  a 
YIG-tuned  narrowband  bandpass  filter  to  clean  the  signal  up  sufficiently  for  the  application. 
While  this  would  seem  to  get  away  from  the  requirement  for  a  phase  detector/phase -locked  loop 
in  the  exciter  design,  in  fact  this  is  not  the  case.  Because  the  very  narrowband  YIG-tuned  filter  is 
subject  to  the  same  coil  drive  current  precision,  hysteresis,  and  environmental  (temperature, 
magnetic  field  and  vibration)  perturbations  to  its  center  frequency  that  a  YIG-tuned  oscillator  is, 
there  will  be  substantial  random  variations  of  the  filter  center  frequency  relative  to  the  signal 
frequency.  Uncorrected,  such  variations  would  lead  to  (very)  undesired  airplitude  and  phase 
modulations  of  the  output  signal  which  could  very  seriously  degrade  system  performance. 
Fortunately,  it  is  possible  to  phase-lock  the  narrowband  YIG-tuned  filter  to  the  signal  frequency 
by  comparing  the  output  phase  to  the  input  phase  and  feeding  the  error  back  to  the  YIG  drive  coil 
(in  essence  identical  to  what  is  done  in  a  YIG-tuned  oscillator  phase- locked  loop).  Hence,  a 
phase- locked  loop  is  needed  for  either  the  YIG-tuned  filter  approach  or  the  YIG-tuned  oscillator 
implementation  of  the  MACS  Phase  II  frequency  control  system.  Since  we  have  confidence  in 
the  very  low  AM  and  low  phase  noise  levels  obtainable  by  phase- locking  the  YIG-tuned 
oscillator,  this  represents  an  attractive  starting  point  for  the  MACS  Phase  II  frequency  control 
system. 
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The  YIG- tuned  oscillator  phase- locked  loop  approach  should  provide  excellent 
robustness  for  the  MACS  Phase  II  frequency  control  system  because  of  the  relatively  low  latency 
and  high  loop  gains  possible  with  this  PLL  approach  (particularly  in  comparison  to  the  MACS 
Phase  I  FLL).  The  FM  cod  of  the  YIG-tuned  oscillator  has  a  bandwidth  measured  to  be  about 
1.5MHz,  and  even  the  main  coil  bandwidth  is  probably  well  over  lOKHz  when  driven  by  a 
current  source,  so  the  loop  bandwidth  can  be  made  large  enough  to  very  effectively  suppress  the 
environmental  FM  interference  effects  observed  in  the  MACS  Phase  I  system  tests. 

Requirements  for  spectral  data  acquisition  are  derived  from  the  spectrometer  sweep 
bandwidths  and  the  required  sanple  resolution.  Doppler  broadening  of  THz  rotational 
spectroscopy  results  in  linewidths  of  ~  0.6  MHz  at  our  preferred  10  mTorr  pressure  level  To  de¬ 
convolve  overlapping  lines,  data  will  be  collected  at  one  tenth  the  linewidth  or  60  KHz.  Since  the 
high  band  channel  has  a  60  GHz  maximum  sweep  width  in  one  second,  the  highest  sanpling 
bandwidth  will  be  600  K  samples  recorded  for  each  sweep  (60  x  10^  ^  100  x  10^).  To  provide  for 
engineering  margin  a  pair  of  24-bit  sigma-delta  ADCs  (one  for  the  DC  channel  and  one  for  the 
AC  channel)  operating  at  up  to  a  668,750  sample  per  second  rate  were  been  chosen  for  the 
MACS  Phase  1  instrument.  In  the  MACS  Phase  II  system,  particular  focus  will  be  made  on 
maximizing  the  SNR  for  1®*  or  2"‘*  derivative  measurements  by  optimizing  the  □  □  ADC  sample 
rate,  as  well  as  optimizing  the  on-chip  FIR  filter  in  the  ADC  for  operation  as  a  modestly  narrow 
bandpass  filter  to  avoid  abasing  of  out-of-band  noise,  in  conjunction  with  an  FPGA- implemented 
very  narrowband  digital  filter  (e.g.,  long  FIR  filter)  to  minimize  the  noise-equivalent  bandwidth 
in  the  measurements. 

Some  of  the  major  power  reduction  items,  as  discussed  in  section  in.4.3,  include 
replacing  the  conventional  electromagnet  YIG-tuned  oscillator  with  a  much  lower  coil  power 
permanent  magnet  version.  Going  from  the  MACS  Phase  I  frequency- locked  loop  FMS  to  a 
DDS-based  phase- locked  loop  approach  will  not  only  save  power  (by  eliminating  the  need  for 
the  ECL  ping-pong  counter  stages),  but  provide  for  much  higher  loop  gain  and  bandwidth  to 
greatly  reduce  frequency  perturbations  due  to  environmental  effects  like  stray  magnetic  fields, 
temperature,  and  (especially)  mechanical  vibration/stress  effects.  This  PLL  FMS  will  also  allow 
for  more  versatile,  higher  rate  scans  for  faster  overall  system  operation.  The  MACS  Phase  II 
system  wiU  also  utbize  a  higher  performance  FPGA  to  support  incorporation  of  more  advanced 
digital  signal  processing  functionality  in  order  to  achieve  highly  effective  noise  reduction  in 
order  to  realize  optimized  SNR  in  the  acquired  scans,  particularly  in  the  FM-modulated  first  and 
second  derivative  waveform  measurement  modes. 


5.4  Module  Design  Specifications  and  Engineering  Drawings 

Both  the  RF  and  Digital  modules  were  approximately  4.75 ’’tall  and  8.75”  long  to  fit  within  the 
required  space  of  the  MACS  box.  The  power  specifications  are  mentioned  in  the  power  section. 
Engineering  drawings  were  produced  in  ORC  AD  software  on  ‘D’  sized  paper,  and  therefore  are 
not  included  in  this  report. 


5.5  Module  Perfornmnce  (Measures  and  Results) 

A  graph  of  the  input  power  versus  ADC  output  is  shown  below.  Every  point  on  the  X-axis  from 
1-14  represents  a  3dB  drop  in  input  power,  and  the  Y-axis  plots  the  ADC  output  (on  a  log2 
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scale).  From  this  graph,  we  can  see  that  the  receiver  module  to  have  approximately  40dB  of 
dynamic  range. 


•Seriesl 


Based  on  the  datasheets  of  every  part  in  the  receiver  architecture,  we  found  the  dynamic  range  to 
be  limited  by  the  noise  specifieally  in  the  square  law  detector  (as  opposed  to  thermal  noise  in  the 
anplifiers). 

Spectrum  analyzer  plots  of  the  transmit  power  showed  uneven  output  power  between  the  low 
band  and  high  band;  within  a  given  band  though,  the  power  output  was  within  0.5  dB  of  the 
mean. 

The  lowest  concentration  we  were  able  to  detect  was  probably  in  the  hundreds  of  ppt,  but  we 
have  no  eonfirmed  data  on  this  as  of  yet.  Advaneed  work  with  the  FMS  is  covered  in  Appendix 


A5.2. 
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6  CC  (Central  Computer) 

6.1  Summary  of  Trades  and  R&D  Leading  to  Design 

The  main  consideration  when  selecting  the  central  conputer  hardware  for  the  preliminary 
MACS  phase  was  choosing  a  configuration  that  would  provide  hardware  and  software  fiexibihty 
and  accommodate  unexpected  problems  or  modifications  to  the  other  hardware  modules.  A 
standard  Intel  PC  was  chosen  because  it  provided  the  most  options  for  operating  systems, 
software  development  platforms  and  available  hardware  modules  for  data  lO  between  the  FMS, 
the  SAPM,  and  the  outside  world.  Having  a  wide  array  of  COTS  products  to  chose  from  made 
this  selection  very  economical  in  terms  of  $/MFLOP  and  $/GB  for  processing  and  storage,  and 
also  provided  inexpensive  software  development  options. 

The  highest  bandwidth  bus  in  the  MACS  system  is  the  frequency  and  power 
measurement  outputs  from  the  FMS  module.  Each  FMS  data  packet  contains  8  words  of  4  bytes 
each,  which  provide  a  single  frequency  measurement  channel,  6  channels  of  power  absorption 
data,  and  one  debug  channel  The  data  rate  can  be  as  high  as  668.75  kHz,  which  results  in  a  total 
bandwidth  of  21.4  MB/s.  To  handle  this  data  rate,  the  NI-6536  32  bit  digital  I/O  board  was 
chosen  for  the  receive  side.  This  module  can  handle  a  maximum  data  rate  of  lOOMB/s,  and 
includes  onboard  memory  and  DMA  controllers,  which  allows  for  very  rehable  and  simple  data 
transfer. 

In  addition  to  the  high  bandwidth  spectral  data  interface  between  the  FMS  and  the  central 
computer,  the  CC  also  needs  a  low  bandwidth  bi-directional  interface  with  the  SAPM  controller 
and  the  FMS  controller  to  configure  and  execute  spectral  sweeps.  An  RS-232  interface  was 
selected  for  both  these  interfaces,  because  this  would  provide  simple  debugging  allowed  the 
SAPM  and  FMS  modules  to  be  tested  and  developed  independently  without  any  special  support 
hardware  or  software. 

A  7”  touchscreen  display  was  selected  for  the  user  interface.  This  choice  provides  the 
operator  conplete  control  without  needed  to  add  a  keyboard  or  mouse,  and  is  simple  to  program 
and  reconfigure.  A  touch  interface  is  famihar  even  to  novice  computer  operators,  and  can  easily 
be  tailored  to  different  applications. 

A  complete  hst  of  central  computer  hardware  is  provided  in  Appendix  A6.1. 

6.2  Explanation  of  System  Operation 

The  central  computer  is  responsible  for  collecting  and  correlating  all  spectral  data, 
displaying  scenario  results  and  handling  aU  operator  interactions.  In  normal  operation,  the  user 
selects  a  scenario  to  execute  using  the  touch  screen  interface.  The  scenario  then  runs  at  the 
scheduled  times  defined  in  scenario  script,  and  the  CC  commands  the  SAPM  and  FMS  modules 
accordingly.  First,  the  CC  commands  the  SAPM  over  the  CC  to  SAPM  RS-232  port  using  the 
SAPM  commands  defined  in  Appendix  A3. 3.  Once  the  SAPM  has  collected  and  transferred  a 
sample  to  the  THz  module  ceU,  the  CC  to  FMS  RS-232  hnk  is  used  to  configure  and  execute  a 
spectral  scan,  using  the  FMS  command  protocol  in  appendix  A5.1.  Incoming  spectral  data  then 
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arrives  over  the  32  bit  parallel  bus,  and  the  NI-6536  digital  I/O  card  collects  this  data  until  the 
CC  reads  and  processes  it.  For  the  Phase  1  system,  the  decision  was  made  that  all  incoming  data 
would  be  immediately  and  permanently  saved  in  a  raw  binary  format,  which  allows  for  data 
review  and  reprocessing  if  higher  up  software  modifications  occur.  The  750GB  system  hard 
drive  is  used  to  store  this  data,  as  well  as  chemical  library  files,  and  results  from  the  spectral 
analysis  and  classification.  This  incoming  spectral  data  is  then  analyzed  by  the  system  software 
described  in  Section  8.  Depending  on  the  defined  scenario,  the  SSW  will  return  concentration 
values  for  one  or  more  analytes  of  interest.  These  results  will  be  given  to  the  user  using  the 
touch  screen  display. 

In  addition  to  the  standard  MACS  operating  configuration,  external  data  ports  on  the 
MACS  box  have  been  added  to  allow  engineering  development  and  debugging.  An  external 
VGA  connector  allows  the  display  output  to  be  routed  to  a  larger  display,  and  external  USB  ports 
allow  keyboard,  mouse,  and  data  drive  connections  to  the  system  for  software  upgrades  or  data 
archiving.  The  USB  interface  can  also  be  used  to  add  new  scenarios  to  the  MACS  unit,  or  to 
update  or  expand  the  MACS  library  files. 

63  R&D  Leading  to  Phase  2  Improvements  (Size,  Volume,  Cost,  Speed,  Performance) 

The  main  focus  for  CC  inprovements  during  MACS  phase  2  is  to  simplify  and  improve 
interconnects  between  system  components  to  lead  to  a  more  modular  system  design.  These 
changes  should  also  simplify  the  system  software  and  make  MACS  more  platform  independent. 
One  major  improvement  in  system  operation  will  be  migrating  away  from  the  32  bit  parallel 
interface  to  an  Ethernet  hnk  between  the  FMS  and  the  CC.  This  single  interface  will  also  replace 
the  RS-232  command  link  which  will  greatly  simplify  the  interface  between  the  two  modules. 
Improvements  to  the  FPGA  software  in  phase  2  will  shift  more  of  the  data  filtering  process  from 
the  CC  to  the  FMS.  This  will  reduce  the  system  data  rate  to  the  point  where  the  FMS  output  wiU 
always  have  a  wide  bandwidth  margin  that  can  be  used  when  command  and  control  is  necessary. 
This  change  wiU  ehminate  the  need  for  the  digital  I/O  card,  which  was  an  expensive  component 
with  a  large  footprint.  The  digital  I/O  card  also  required  a  PCI-express  slot,  which  hmited 
motherboard  selection.  The  current  motherboard  will  be  replaced  with  a  similar  motherboard 
that  provides  dual  VGA  and  Ethernet  controllers,  which  will  provide  dedicated  external  VGA 
and  Ethernet  ports.  This  Ethernet  interface  provides  MACS  with  a  very  standard  data  interface 
that  will  allow  a  wide  variety  of  operating  systems  and  processors  to  interface  with  the  FMS.  By 
implementing  a  standard  TCP/IP  interface,  different  data  ports  can  be  assigned  to  each  channel, 
allowing  very  easy  parsing  of  command  and  control,  debug  messages,  and  output  data.  Another 
major  advantage  of  this  interface  is  it  allows  multiple  MACS  units  to  be  controlled  by  a  single 
external  master  computer.  The  master  computer  could  collect  spectral  or  scenario  result  data 
from  multiple  MACS  units  or  download  new  scenario  and  library  information. 

The  MACS  phase  1  system  did  have  some  issues  with  system  cooling  in  the  CC  unit,  and 
these  issues  will  be  addressed  in  phase  2.  As  stated  earlier,  the  elimination  of  the  digital  I/O 
daughter  card  makes  the  CC  unit  smaller.  This  extra  space  will  be  used  to  provide  more 
effective  heat  transfer  from  the  CC. 
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7  PM  (Power  Module) 


7.1  Summary  of  Trades  and  R&D  Leading  to  Design 


At  the  preliminary  and  critical  design  reviews,  we  released  the  following  projected  power 
budget: 


Element 

24V  Pwr 

15V  Pwr 

■12V  Pwr 

12V  Pwr 

5VPwr 

3.3V  Pwr 

Sys  Pwr 

Comment 

Basis 

Central  Processor 

50.0 

Weight  estimated,  90%  efficiency  supply 

Datasheet 

Hard  Disk 

10.5 

Data  Acquisition 

3.6 

2.5 

Datasheet 

DigitaiCard/FMS 

0.1 

0.3 

1.0 

7.2 

6.6 

Custom  PWB  using  COTS  parts 

Datasheet 

RFBiock/FMS 

3.1 

0.0 

4.0 

3.2 

Custom  PWB  using  COTS  parts 

Datasheet 

YIG 

24.0 

12.8 

0.8 

Datasheet 

Power  Module 

40.0 

80%  efficiency  to  produce  200W 

Datasheet 

System  Dispiay 

7.4 

AUOG150XG01 

Datasheet 

Thermal  Control 

5.0 

Heat  Sink,  fans,  etc. 

Best  Guess 

System  Keypad/Input 

0.5 

Best  Guess 

Pri.  Electronics  Subtotal 

24.0 

12.8 

4.2 

65.1 

11.1 

19.6 

182.4 

Sample  Cell  (Cavity) 

Existing  Design 

Engineering  Estimate 

RF  Exciter  nodule 

1.0 

1.0 

18.0 

Custom  PWB  using  COTS  parts 

Engineering  Estimate 

LO/Detector  module 

1.0 

1.0 

18.0 

Custom  PWB  using  COTS  parts 

Engineering  Estimate 

IF  Module 

1.0 

1.0 

18.0 

Custom  PWB  using  COTS  parts 

Engineering  Estimate 

Miscellaneous  Plumbing 

Engineering  Estimate 

THz  Subtotal 

0.0 

3.0 

3.0 

54.0 

0.0 

0.0 

60.0 

Turbo  Pump 

Engineering  Estimate 

Diaphragm  Pump 

17.0 

Engineering  Estimate 

Flowmeter 

12.0 

Engineering  Estimate 

Vacuum  Valve  Manifold 

13.0 

COTS  Equipment 

Engineering  Estimate 

Plumbing 

13.0 

Custom  Design 

Engineering  Estimate 

SAPM  Subtotal 

170.0 

170.0 

Sub-contract  allocations 

Interconnects 

Assumes  80%  packaging  efficiency 

Totals  (metric) 

194.0 

15.8 

7.2 

119.1 

11.1 

19.6 

412.4 

Totals  (engllsh) 

Amongst  the  critical  design  requireir^nts  were  (a)  The  ability  to  provide  more  than  400W  of 
system  power  at  any  given  time,  (b)  The  abihty  to  provide  up  to  194W  of  power  on  the  24V 
power  supply,  due  to  a  high  instantaneous  “turnon”  current  of  the  turbo  pump,  (c)  The  abihty  to 
provide  for  the  different  system  level  voltages  (24V,  +15 V,  +/-12V,  5V,  3.3V),  (d)  Small  form 
factor,  high  power  efficiency,  and  low  noise. 

Based  on  these  considerations,  and  the  research  of  several  corporations,  we  decided  on  Vicor  as 
the  best  solution  to  our  needs.  The  PFC  micro  supply  provided  the  requisite  power,  number  of 
voltages,  and  had  a  very  nice  form  factor  which  fit  in  our  system.  The  main  drawback  of  the 
PFC  micro  was  high  supply  noise  (this  may  have  been  the  case  with  all  alternatives),  therefore 
we  ended  up  purchasing  noise  reduction  modules  from  Vicor  to  meet  the  power  supply  noise 
requirements. 


7.2  Explanation  of  System  Operation 

The  Vicor  power  supply  module  receives  as  its  input  115V  AC  from  an  AC  MAINS  power 
source.  The  Vicor  module  converts  the  AC  input  to  a  DC  output  voltage,  which  is  fed  to  6 
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individual  DC/DC  modules  which  produce  the  24  V,  15  V,  +/-12V,  5V,  and  3.3V  output  voltages. 
These  voltages  are  fed  through  the  noise  reduction  modules  on  the  power  supply  distribution 
card  (which  in  the  system  sits  on  top  of  the  CPU  module).  The  power  supply  distribution  card 
has  DB15  connectors  to  the  individual  system  sub-modules:  SAPM,  THz,  FMS  (RF  and 
Digital).  Each  connector  has  a  standard  pinout,  used  throughout  the  system,  as  shown  here  in 
this  table: 


Pinl 

-I-15V 

Pin  6 

GND 

Pin 

11 

GND 

Pin  2 

GND 

Pin  7 

-I-5V 

Pin 

12 

-I-3.3V 

Pin  3 

GND 

Pin  8 

-I-5V 

Pin 

13 

GND 

Pin  4 

-12V 

Pin  9 

-I-24V 

Pin 

14 

-I-12V 

Pin  5 

GND 

Pin 

10 

GND 

Pin 

15 

-I-12V 

7.3  R&D  Leading  to  Phase  2  Improvements  (Size,  Volume,  Cost,  Speed,  Performance) 

It  is  an  important  goal  of  phase  2  to  reduce  the  size,  power,  and  cost  of  the  MACS  system  The 
power  supply  basically  must  meet  the  system  requirements,  and  once  the  power  budget  for  phase 
2  has  been  estabhshed,  it  is  our  intention  to  revisit  the  alternatives  for  power  supply  modules  to 
increase  the  efficiency,  and  decrease  the  volume,  cost,  and  noise  specifications  of  our  power 
supply  module. 

The  major  proposed  upgrade  for  phase  2  is  to  provide  a  28V  DC  input  alternative  alongside  the 
115V  AC  power  supply  option.  This  could  be  acconplished  by  using  high  voltage  OR-ing 
diodes  to  take  either  the  output  of  the  AC/DC  converter  in  the  MACS  box  or  to  take  the  28V 
input  directly  and  feed  it  to  the  DC/DC  power  supply  modules.  Using  a  DC  input  would  provide 
the  MACS  system  with  more  flexibility  of  usage,  less  power  consumed  inside  the  system,  and 
lower  system  noise. 


7.4  Module  Design  Specifications  and  Engineering  Drawings 
The  design  guide  (this  is  the  relevant  document)  for  the  PFC  Micro  power  supply  module  can  be 
found  at  the  following  URL: 

http  ://www.  vicorpower.com/doc  uments/design_guides/pfcmicro_designguide.pdf?src=vicoreuro 
pe 

The  datasheet  for  the  Micro  RAM  output  ripple  attenuation  module  can  be  found  at  the  following 
URL: 

http  ://cd  n.  vicorpo  wer.co  m/doc  ume  nt  s/datashee  ts/d  s_microram.pd  f 


7.5  Module  Performance  (Measures  and  Results) 

The  modules  provided  adequate  power,  and  the  main  figure  of  merit  would  be  the  voltage  ripple 
for  which  we  have  no  official  measurement  as  of  yet. 
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8  SSW  (System  Software) 


8.1  The  MACS  Vnser  Interface 

The  MACS  user  interface  is  designed  to  operate  completely  from  a  touch  screen 
interface,  with  minimal  user  interaction  or  understanding  of  the  MACS  system.  In  normal 
operation,  an  operator  would  select  a  pre-configured  scenario  from  a  hst  and  execute  it. 
Scenarios  would  typically  be  designed  by  experienced  personnel  to  search  for  one  or  more 
chemical  of  interest.  Design  of  these  scenarios  is  covered  in  Section  8.2.  Execution  of  a  typical 
scenario  that  searches  for  one  or  more  analytes  of  interest  is  described  below. 

Figure  8.1  shows  the  scenario  selection  tab  of  the  MACS  software.  If  additional 
scenarios  are  defined  paging  keys  will  appear  that  allow  the  user  to  scroll  through  the  additional 
options.  The  selected  scenario  is  shown  in  orange,  and  will  begin  execution  when  the  GO  button 
is  pressed.  The  scenario  can  also  be  paused  or  cancelled. 


Figure  8.1 .  MACS  Scenario  selection  Tab 

Once  a  scenario  is  selected  and  executed,  the  MACS  system  will  automatically  command 
the  SAPM  module  to  collect  a  sample.  The  user  can  monitor  the  progress  of  the  sample 
collection  process  by  switching  to  the  SAPM  tab,  which  is  shown  in  figure  8.2.  In  addition  to 
automatic  execution,  a  more  experienced  user  can  manually  select  different  SAPM  phases  of 
operation  by  touching  the  stage  buttons  on  the  left  hand  side.  These  stages  are  carefully 
designed  scripts  that  operate  the  SAPM  without  risking  damage  to  the  turbo  molecular  pump  or 
the  sorbent,  both  of  which  have  strict  operating  guidelines.  The  turbo  pump  cannot  operate  at 
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pressures  above  1  Torr,  and  the  sorbents  cannot  be  exposed  to  temperatures  above  100  °C  at  high 
pressures,  because  it  will  rapidly  oxidize.  The  SAPM  stages  are  briefly  described  in  Table  8.1. 
As  the  stages  execute,  the  MACS  software  updates  the  user  on  system  progress  in  the  progress 
bar  at  the  top  of  the  screen. 


Figure  8.2.  SAPM  Status  Tab 


State 

Function 

OFF 

Closes  all  valves  and  turns  off  the  turbo  and  diaphragm  pumps. 

CELL  PREP 

Opens  valves  3,4  and  5  and  pumps  the  sairple  cell  and  SMM  to  a  hard  vacuum 

INGESTION 

Opens  valves  1  and  2  so  the  diaphragm  pump  can  pull  air  through  the  sorbent 
module  (SMM).  The  sorbent  traps  chemicals  of  interest  that  are  present  in  the 
atmosphere. 

SMM  PREP 

The  SMM  area  is  pulled  to  a  hard  vacuum  by  opening  valves  3  and  5. 

DESORB 

The  SMM  is  heated  to  200  °C  to  release  chemicals  trapped  by  the  sorbent 

TRANSFER 

Valve  6  is  opened  to  allow  gasses  released  by  the  sorbent  to  diffuse  into  the 
sample  cell 

Table  8.1.  SAPM  Stage  Descriptions 

Once  a  sample  has  been  transferred  to  the  sample  ceU,  it  is  scanned  by  the  FMS  at 
frequencies  of  interest  defined  by  the  scenario  script.  Typically  multiple  narrow  frequency 
segments  are  scanned  for  each  analyte  of  interest.  These  frequency  segments  are  chosen  at 
locations  where  the  molecule  has  strong  absorption  peaks.  The  segments  are  scanned  multiple 
times  in  a  row,  and  the  MACS  software  averages  these  results  together  to  increase  the  signal  to 
noise  ratio.  Each  scan  of  the  gas  can  be  seen  on  the  sweep  tab,  show  in  Figure  8.3.  The  MACS 
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Figure  8.3.  SWEEP  Display  Tab. 

FMS  has  an  AC  coupled  and  a  DC  coupled  channel  that  recovers  the  IF,  and  in  addition  to  that 
ean  calculate  the  first  or  second  derivative  of  the  signal  by  applying  the  proper  RF  modulation. 
These  six  data  channels  can  be  toggled  on  or  off  using  the  buttons  on  the  SWEEP  tab.  By 
default  the  typical  channel  of  interest  is  selected  automatically,  so  only  advanced  users  would 
want  to  change  this  seleetion.  The  Baseline  Sweep  button  indieates  when  the  system  is 
performing  a  sweep  to  ealibrate  out  variations  inherent  to  the  system.  Ideally,  a  sweep  of  an 
empty  cell  would  yield  a  perfectly  flat  line,  but  power  variations  in  the  multiplier  chain  at 
different  frequeneies,  imperfections  in  the  eell  walls  and  mirrors,  and  other  minor  effeets  cause 
some  baseline  variation.  These  features  can  be  learned  by  performing  a  baseline  sweep  with  an 
empty  cell,  and  then  this  curve  is  subtracted  from  future  data  to  give  the  best  possible  signal  to 
noise  ratio.  For  testing  purposes,  engineers  ean  toggle  the  baseline  subtraction  on  and  off,  or 
initiate  a  baseline  sweep  manually  using  the  buttons  on  the  SWEEP  tab. 

Operators  can  also  abort  the  eurrent  MACS  sweep  by  touehing  the  Stop  button.  The 
Configure  button  can  be  used  to  set  up  and  execute  a  manual  scan  of  a  desired  frequency  band. 
Again,  this  kind  of  operation  is  never  necessary  for  normal  operation,  but  can  be  used  for  testing 
or  system  demonstration.  The  sweep  eonfiguration  sereen  is  shown  in  Figure  8.4.  The  sweep 
can  be  configured  either  by  entering  a  start  and  stop  frequency  or  by  selecting  a  center  frequency 
and  a  span,  much  like  a  speetrum  analyzer.  Different  sean  rates  can  be  selected  using  the  slope 
key,  and  repeating  the  scan  more  than  once  ean  be  done  to  improve  signal  to  noise  ratio.  In 
general,  slower  scans  provide  higher  resolution,  and  faster  scans  can  be  used  when  a  very  wide 
frequeney  range  needs  to  be  covered.  Users  ean  also  seleet  raw  power,  first  derivative,  or  second 
derivative  data  under  the  Modulation  section.  The  modulation  rate  and  deviation  can  also  be 
selected.  For  all  controls  that  require  a  numeric  input,  touching  the  control  brings  up  a  keypad 
that  allows  easy  input  using  the  touch  screen  interface.  This  keypad  is  shown  in  Figure  8.5. 
Once  the  sweep  is  eonfigured  the  system  will  perform  the  sweep  as  soon  as  the  Execute  button  is 
pressed.  The  configuration  can  be  cancelled  by  pressing  the  Cancel  button. 
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^  SweepConfig 


B0B 


Sweep  Control 


Start  Freq 


239.09415625  GHz 


Stop  Freq 


239.09915625  GHz 


Center 


220.5925  GHz 


Span 


15  MHz 


Slope 


40.8  MHz  s 


Repeat 


16 


Modulation 


Off 


IstD 


2nd  D 


Modulation 


20.898  KHz 


Deviation 

1200  KHz 


Execute 


Cancel 


Figure  8.4.  Sweep  Configuration  Tab 


Figure  8.5.  Numeric  Entry  Keypad. 


59 


In  order  to  search  for  a  single  analyte,  the  MACS  system  sweeps  multiple  frequency 
segments  to  confirm  the  presence  of  absorption  fines  at  amplitudes  and  frequencies  consistent 
with  the  chemical  library.  For  normal  operation,  the  five  strongest  absorption  fines  free  from 
other  nearby  interfering  fines  are  chosen.  These  frequency  segments  are  then  scanned  and 
processed  by  the  SLPA,  which  is  discussed  in  Section  8.3.  The  user  can  monitor  the  progress  of 
these  scans  and  see  the  absorption  peaks  under  the  SNIPIT  tab,  which  is  shown  in  Figure  8.6. 


Figure  8.6.  SNIPIT  Tab 
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8.2  MACS  Scripts 


MACS  scripts  are  designed  to  allow  flexible  configuration  of  the  MACS  unit  by  an 
advanced  user.  A  single  seript  can  be  designed  for  each  MACS  mission,  and  these  scripts  can 
then  be  selected  and  executed  by  novice  operators.  An  example  of  a  SAPM  control  script  is 
given  in  Table  8.2.  This  script  performs  the  desorb  function  which  is  described  in  Section  8.1. 
The  seript  has  eommands  for  user  feedbaek,  SAPM  control,  error  state  deteetion  and  error 
message  display,  and  timer  functions.  A  script  can  also  call  other  scripts,  which  allows  complex 
functions  to  be  built  with  minimal  effort.  Table  8.3  shows  the  MainSAPM  script,  which 
performs  the  full  eyele  of  SAPM  funetions  neeessary  to  colleet  a  sairple  before  it  ean  be 
analyzed. 


#desorb.scr 

#SAPM  Desorbtion  Script 

#This  script  checks  to  make  sure  the  cell  and  SMM  module  are  at  proper  vacuum 

#It  then  isolates  the  SMM  module  and  heats  it  to  200  C  to  releast  tr^ped  analytes. 

#Hold  at  200  C  for  40  seconds  to  fully  evolve  the  sample,  and  then  turn  off  the  heater. 

#The  script  includes  temperature  and  pressure  checks  to  ensure  the  SMM  is  not  exposed  to 

#high  levels  of  oxygen  while  at  high  temperature,  as  this  will  oxidize  and  destroy  the  sorbent. 

{ 

BEGIN, 

#Beginningof  script 

OTHERS "DISP  Desorption", 

#  Feedback  to  User 

OTHER="IP  (PRESl  .GT.  20)  DISPE  ERROR:  PI  TOO  HIGH", 

#  SMM  Cell  Area  should  be  purged  at  this 
point 

OTHER="IF  (PRES2  .GT.  10)  DISPE  ERROR:  P2  TOO  HIGH  EXECUTE 

#  Sample  Cell  should  be  purged  at  this 

SMM  PREP", 

point 

SAPM="VALV6  OPE", 

#  Isolate  SMM  CeU  Area 

SAPM="VALV5  OEE", 

#  Isolate  SMM  CeU  Area 

OTHERS  "PRESl  .LT.  1200", 

#  Make  Sure  Cell  is  at  Medium  Vacuum  or 
better 

SAPM="VALV4  ON", 

#  Continue  purging  Sample  Cell 

OTHERS "DISP  Wait  for  SMM  Temp  >  180  C", 

#  Feedback  to  User 

SAPM="TEMP1  200", 

#  Set  SMM  heater  target  to  200  C 

SAPM="TEMP1  ON", 

#  Heat  SMM  to  200  C  to  release  analytes 

OTHERS  "TEMPI  .GT.  180" 

#  Wait  until  SMM  tenperature  reaches 

180  C 

OTHER="DISP  Hold  Temperature  40  seconds". 

#  Feedback  to  User 

OTHER="WAH  40000", 

#  Hold  at  this  temp  for  40  seconds 

SAPM="TEMP1  OFF", 

#  Turn  off  Heater 

OTHER="DISP  Desorption  Done", 

#  Feedback  to  User 

END, 

#End  of  script 

} 

Table  8.2.  Desorb.scr 

#MainSAPM.scr 

#Calls  scripts  to  perform  each  stage  of  SAPM  sample  collection. 

{ 

BEGIN, 

#B  eginnin  g  of  s  crip  t 

SCRIPT="OFF.SCR", 

#Get  to  known  starting  point 

SCRIPT = "prep  .scr" , 

#Sample  Cell  and  SMM  to  hard  vacuum 

SCRIPT^  "ingest,  scr". 

#Pull  outide  air  across  SMM,  trapping  analytes 

SCRIPT = "  smm.  scr " , 

#Return  SMM  to  hard  vacuum,  removing  bulk  atmosphere 

SCRIPT ="  des  orb .  s  cr " , 

#Heat  SMM  to  200  C,  releasing  trapped  analytes 

SCRIPT^  "transfer,  scr". 

#Transfer  released  analytes  to  Sample  CeU  for  analysis 
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END, 

#End  of  script 

} 

Table  8.3.  MaiiiSAPM.scr 

Scenario  scripts  contain  all  the  necessary  information  for  the  MACS  system  to  search  for 
and  identify  analytes  of  interest.  The  key  pieces  of  information  the  MACS  system  needs  are  the 
frequency  segments  that  should  be  scanned  for  each  chemical,  the  sweep  parameters,  and  the 
libraries  to  use  to  estimate  the  chemical  concentration.  The  concentration  estimate  is  done  by  the 
SLPA,  which  is  discussed  in  Section  8.3.  Table  8.4  shows  an  example  scenario  script  which 
searches  for  Acetonitrile  (CH3CN),  a  widely  used  solvent. 


#Test  Sample  for  CH3CN 

#Repeat  10  times,  once  every  10  minutes 

{ 

SCENARIO(CH3CN  Test) 

#Scenario  name  to  display  to  user 

BEGIN, 

#Define  System  Parameters 

SECONDMODE, 

#Second  Derivative  Spectral  Data  Requested 

#Define  CH3CN  Parameters 

CH3CNLibrary  =  "CH3CN_2D_Library.macs", 

#Define  Library  data  file  (CH3CN,  2nd 
Derivative)  to  use  for  analysis 

CH3CN Snippets  =  {  239094156250,239099156250; 

2207067 1 8750,2207 11718750; 

2391 17187500,239122187500; 

220744906250,220749906250; 

220740656250,220745656250;  } 

#Define  five  frequency  segments  to  scan 

#Calibrate  the  MACS  System  Baseline 

BASELINESWEEP, 

#This  Sweep  is  a  Baseline  Sweep 

SCRIPT = "prep  .scr " , 

#Purge  the  sample  cell  for  baseline  sweep. 

CH3CNBaseline  =  CollectSnippets(CH3CN_Snippets), 

#Sweep  the  Intervals  provided  and  store  the 
results  in  CH3CNBaseline 

#Test  Environment  for  CH3CN 

NORMALSWEEP, 

#This  Sweep  is  not  a  Baseline  Sweep 

iREPEAT, 

#Define  a  Label  to  jump  to. 

SCRIPT="M  ainSAPM  .scr". 

#  Collect  a  sample  using  M  ainSAPM  .scr 

CH3CNSample  =  CollectSnippets(CH3CN_Snippets), 

#Sweep  the  Intervals  provided  and  store  the 
result s  in  CH3 CN Samp  le 

CH3CNConcentration  =  SLPA(  CH3CNSample,  CH3CNBaseline, 
CH3CNLibrary), 

#Call  the  SLPA  to  estimate  CH3CN 
Concentration 

WAIT  600000, 

#Wait  10  Minutes  (time  given  in  ms) 

LOOP  REPEAT  UNTIL  10, 

#  Repeat  ten  times 

END, 

#End  of  Scenario 

} 

Table  8.4.  CH3CN  Scenario  Script 

The  CH3CN  script  shows  how  a  complex  test  process  can  be  easily  defined  and  modified. 
The  script  starts  by  defining  the  frequency  intervals  the  MACS  unit  should  scan  for  CH3CN. 
Then  the  system  collects  a  new  baseline,  only  taking  data  at  these  frequency  intervals  of  interest, 
and  with  the  proper  modulation  mode.  Laboratory  testing  indicates  a  baseline  is  rehable  for  a 
day  or  more,  so  this  baseline  process  does  not  need  to  be  repeated  oftea  Alternately,  if  a 
baseline  scan  already  existed,  the  script  could  reference  the  existing  baseline  in  the  “Test 
Environment”  portion  of  the  script.  Next  the  script  calls  the  MainS  APM  script,  shown  in  Table 
8.3,  which  collects  an  air  sample  and  transfers  any  trapped  analytes  to  the  MACS  sample  cell 
The  Collects nippets  function  then  scans  the  specified  frequency  intervals  and  saves  the  spectral 
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data.  This  spectral  data,  along  with  the  recent  basehne  and  the  CH3CN  library  are  processed  by 
the  SLP  A  to  determine  the  concentration,  if  any,  of  CH3CN  in  the  collected  sample. 


8.3  Smart  Line  Processor  Algorithm  ( SLP  A ) 

The  SLPA  is  the  main  engine  of  the  MACS  system  software,  taking  collected  spectral 
data  and  conparing  it  to  previously  collected  chemical  libraries  to  determine  the  concentration  of 
analytes  of  interest.  A  simple  approach  to  concentration  estimation  in  a  system  where  only  one 
chemical  exists  is  to  just  perform  a  least  mean  squares  (LMS)  fit  between  library  data  and  sample 
data.  The  LMS  algorithm  will  come  up  with  a  single  arrplitude  constant  that  will  make  the  two 
curves  match  as  best  as  possible.  However,  in  a  system  where  other  unknown  chemicals  are  also 
present  in  the  sample,  this  approach  cannot  be  apphed,  particularly  when  the  unknown  chemicals 
are  present  at  concentrations  much  higher  than  the  chemical  of  interest.  For  exanple,  if  an 
unknown  chemical  had  an  absorption  at  a  frequency  very  close  to  a  frequency  of  the  chemical  of 
interest,  the  LMS  would  be  forced  to  increase  its  concentration  estimate  until  it  partially  canceled 
out  this  interfering  peak.  If  the  concentration  of  the  unknown  chemical  was  1000  times  stronger 
than  the  chemical  of  interest,  it  is  clear  that  the  LMS  estimate  would  quickly  become  invahd. 
These  extraneous  peaks  are  referred  to  as  clutter,  and  overcoming  clutter  will  be  the  major 
difficultly  in  reaching  the  probability  of  detection  goals  of  the  MACS  system. 

The  SLPA  deals  with  these  clutter  issues  by  performing  a  much  more  intelligent  algorithm  which 
expects,  identifies,  and  removes  nearby  unknown  absorption  hnes  until  only  the  signal  of  interest 
remains.  This  approach  is  possible  because  while  other  chemicals  may  absorb  at  frequencies 
close  to  those  of  the  chemical  of  interest,  they  will  never  be  at  exactly  the  same  frequency. 

These  nearby  peaks  can  hide  the  peak  of  interest  or  appear  to  change  the  frequency  or  amphtude 
of  the  peak  of  interest.  However,  the  MACS  system  has  such  accurate  frequency  registration 
that  it  can  almost  always  distinguish  between  these  two  peaks,  and  the  SLPA  algorithm  can 
separate  them.  In  the  worst  cases,  if  a  nearby  peak  is  so  large  that  it  completely  obscures  the 
peak  of  interest,  chemicals  of  interest  produce  enough  absorption  hnes  that  this  frequency  band 
can  safely  be  discarded,  because  the  probability  that  enough  lines  will  be  obscured  so  as  to 
prohibit  identification  is  weU  outside  our  ROC  performance  needs.  Detailed  analysis  of  the 
system  ROC  performance  is  provided  in  Section  11. 

It  is  clear  that  small  signals  of  interest  in  the  proximity  of  large  clutter  signals,  any  algorithm 
intended  to  "curve  fit"  via  LMS  between  the  realized  spectrum,  Q(f),  and  the  library  spectrum  of 
substance  J,  Qj(l),  cannot  be  rehed  upon  by  itself  to  yield  results  adequate  to  meet  the  MACS 
performance  requirements  when  the  sensor  is  exposed  to  real  world  conditions.  This  is 
particularly  true  when  the  repertoire  of  analytes  is  expanded  to  realistically  cover  gases  that  have 
numerous  small  hnes  that  must  be  observed  in  order  to  yield  mandatory  ROC  performance.  The 
presence  of  clutter  hnes  of  virtuahy  any  magnitude  and  of  any  frequency  are  conditions  that  must 
be  "endured"  in  order  for  MACS  to  become  a  real  world  system.  Such  hnes  can  and  will  destroy 
ROC  performance  unless  the  overall  signal  processing  mitigates  them,  which  is  the  objective  of 
the  SLPA.  The  SLPA  is  designed  to  handle  situations  where  a  desired  signal  line  with  power  S 
is  close  to  clutter  hnes  of  large  amplitudes.  Since  this  state  can  never  be  predicted,  the  SLPA 
must  detect  potential  clutter  interferers  and  then  to  avoid  or  mitigate  them.  The  SLPA  does  this. 
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and  greatly  improve  the  overall  signal  processing  gain  beyond  other  simple  techniques.  It  does 
utilize  LMS  techniques,  but  with  corrections  and  a  more  complicated  method  for  hne  removal. 
This  algorithm  is  based  on  quantitative  measurements  in  turn  that  are  based  on  the  physics  of  the 
spectral  hnes  on  a  case  by  case  basis. 

The  spectral  library  will  contain  the  spectrum  Qj(f)  [for  species  "J"]  and  the  set  {f(i),  A(i)}j 
of  Nj  lines  that  foUow  precisely  from  Qj(f).  These  Nj  lines  have  been  selected  externally  and 
programmed  into  the  script  designed  to  find  the  chemical  of  interest.  The  SLPA  will  also  have 
library  data  available  for  a  known  concentration  of  the  chemical  of  interest.  Qj(f)  will  get  parsed 
into  K  sub- spectral  segments: 

{QAf^[fKvfK2^)}K  (1) 

where  1,2  denote  low  and  high  frequency  hmits  to  the  frequency  segment.  In  the  event  that 
such  an  interval  contains  more  than  one  library  line  that  exceeds  an  amplitude  threshold,  then  a 
further  parsing  will  occur  so  that  the  SLPA  wiU  be  evoked  for  each  scenario-specified  library 
spectral  hne: 


Figure  8.7.  Example  library  snippet  Q(  )k  defined  on  [Lki,  fKi]  (blue)  that  contains  two 
library  lines  that  are  included  in  the  scenario  for  detection.  The  "clutter  caution"  region 
limits  are  shown  in  red  for  the  first  of  the  two  lines.  Clutter  lines  beyond  the  red  interval 
will  not  disturb  the  processii^  of  the  spectral  line  and  are  not  to  be  considered. 
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{Qji.f^UuB,  -rJuB,  +rJ)}M 


(2) 


where  fuB  denotes  the  library  line's  frequency,  and  where  y  is  a  system  constant  that  will  be 
defined  and  calculated  below.  An  example  snippet  is  shown  in  Figure  8.7.  For  purposes  of 
stating  the  SLPA,  the  serial  evaluation  of  N  library  lines  as  specified  by  the  conditions  of  the 
mission  scenario  is  assumed.  SLPA  assessment  of  each  spectral  line  will  represent  a  partial 
solution  to  the  overall  assay  problem  for  the  given  chemical  species.  The  SLPA  can  operate 
across  multiple  species  lines  and  in  any  desired  order.  After  all  N  lines  are  evaluated,  there  will 
be  a  reduction  in  N  (to  Nred)  due  to  certain  circumstances  that  preclude  accurate  rendering  of  the 
spectral  lines.  It  is  best  to  consider  each  line  as  centered  within  a  region  ,  -rJLiB„  +r]- All 

clutter  beyond  this  limit  will  be  irrelevant  to  the  computations  for  this  particular  line  and  will  be 
ignored.  No  hbrary  hnes  wiU  ever  be  permitted  by  the  scenario  generator  or  even  the  library  data 
base  manager  to  be  employed  if  they  are  closer  than  y  MHz  from  each  other.  Time  consuming 
provision  for  violation  of  this  rule  could  be  considered,  but  it  is  unlikely  to  be  necessary. 

There  are  fundamentally  two  ways  to  approach  the  determination  of  a  library  fit:  determine  the 
spectral  parameters  (frequency,  amplitude,  line  width)  and  then  define  some  goodness  function 
to  provide  quantitative  discrepancy  overall  between  these  empirical  parameters  and  those  of  the 
library,  or  a  statistical  curve  fit.  The  latter  is  the  classic  LMS  determination  of  the  properties  with 
quantification  also  provided.  The  SLPA  chooses  the  latter  and  will  provide  the  fit  to  the  library 
amplitude  within  a  very  carefully  controlled  frequency  interval  that  adjusts  for  line  puU  by 
residual  clutter  and  also  that  lies  within  theoretically  possible  bounds.  As  derived  below,  this  is 
the  frequency  interval  designated  [fsL,  fsR].  The  result  is  that  there  will  be  a  statistic  generated  for 
each  hne.  This  is  a  statistical  variate  the  ensemble  of  which  will  define  the  mean  value  of  the 
LMS-derived  best  fit  multiplier  to  the  library  that  gives  the  best  estimate  of  concentration  while 
its  variance  defines  the  error  in  concentration. 

The  LMS  evaluation  on  the  "final  assessment  interval"  [fsL,  fsR]  defined  in  the  proximity 
of  the  library  hne  and  utilizing  that  portion  of  the  hbrary  spectrum  Qj( )  (for  species  J)  with  this 
frequency  interval  intended  to  cover  better  than  99%  of  the  fuh  1st  derivative  line  shape  and  with 
the  incoming  and  preconditioned  digital  L*  derivative  absorption  spectrum  Q(  )  for  the  san^ 
interval.  These  Qs  are  for  the  snippet  designated  exphcitly  below  by  the  notation  M(J)  which  is 
just  shorthand  for  the  M‘*’  snppet  belonging  to  analyte  J  from  the  Snippet_List  owned  by  the 
ASSAY_PROCESS  where  these  evaluations  are  to  take  place. 

Noring  that  there  are  n  frequency  points  in  the  interval  [fsL,  fsR],  the  LMS  derives  from 
the  fohowing  error  in  curve  fit  between  the  adjusted  spectrum  snippet  (empirical)  Q(  )  and  the 
hbrary  for  species  J,  Qj(  ): 

Error  =  -f^  KQ^  (f.)  -  -  B)  "  (3) 

n  ,=i 

Each  empirical  and  each  hbrary  snippet  has  exactly  n  points  corresponding  to  the  master 
frequency  bin  structure  where  k  corresponds  with  the  first  master  frequency  bin  in  the  snippet 
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and  designated  in  the  Snippet_List  as  the  start  frequency.  Likewise  fn  represents  the  stopping 
frequency  for  the  bin.  The  SLPA  is  ako  provided  a  baseline  sweep  B,  and  this  k  subtracted  from 
the  spectral  data  to  remove  any  systematic  frequency  or  amplitude  error.  Then  the  SLPA  will 
make  the  best  fit  to  the  library  snippet. 


OError  OError 

Then  — ^ - =  0; — ^ - =  0  are  apphed  and  the  results  for  K  and  B  are  obtained.  We  will  now 


dK 


dB 


show  K  as  related  to  an  index  M  representing  the  M'*’  line  of  the  hbrary  spectrum  for  K  k 


K 


i=l 


M(J) 


f 


(4) 


n'ZQMf-  ZaW) 


V/=1 


B„,„=  - - -  (5) 

n 


The  implementer  of  thk  software  must  assure  that  the  divide  by  zero  error  does  not  occur.  We 
will  hence  ignore  the  J  notation  (the  species)  with  the  understanding  that  the  coirputation  is 
strictly  for  the  lines  selected  for  inclusion  in  the  mission-specific  assay  for  species  J. 

The  final  adjustment  on  Q  for  exportation  purposes  k: 

QM(J)(fi)  =  QM(J)(fi)-BM(J)  (6) 


From  the  ASSAY_PROCESS  data  structure,  the  total  number  of  snippets  N  k  known.  Once  the 
SLPA  has  completed  the  sequence  of  these  N  lines  and  evaluated  each  individual  line,  Nred<N 
lines  will  remain.  This  is  because  the  SLPA  may  discard  some  lines  if  clutter  around  a  particular 
hne  is  too  complex  to  remove  and  still  provide  a  reliable  amplitude  and  frequency  estimate  of  the 
line  of  interest.  This  leaves  a  universe  of  K  variates  {Ki,  K2,  K3  . . .  N}  with  some  K's  set  to  zero 
due  to  exclusion.  Only  Nred  of  the  Ks  are  non  zero  by  declaration  and  the  SLPA  uses  these  to 
compute 


where  5i  k  1  unless  the  hne  was  declared  invalid  for  which  the  value  k  0.  This  yields  the  error 
term  for  the  overaU  population: 
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~  ^  'J^RED 


(9) 


The  procedure  will  produce  K  which  is  directly  proportional  to  the  observed 
concentration  relative  to  that  of  the  (reduced)  hbrary  species.  The  hbrary  of  species  J  will  contain 
a  ppXj  concentration  value  that  directly  relates  the  line  amplitudes  to  the  actual  concentration; 
and  where  pconj  is  provided  by  the  preconcentrator  (SAPM)  uP  to  the  MACS  CC  that  finalizes 
its  estimate  of  the  concentration  at  atmosphere  relative  to  what  it  expects  to  be  present  in  the 
sanple  cell.  All  approximations  for  loss  due  to  effects  occurring  beyond  the  SAPM  are  also  to  be 
included  in  this  value.  The  assay  result  for  species  J  is  thus 

Assay  Cotij  =  pcotij  x  ppXj  x  ±  cr^  /  ) 

(10) 

where  the  distribution  of  means  will  assuredly  be  normal  and  thus  statistical  inferences  can  be 
drawn  accordingly.  It  must  be  noted  that  the  validity  of  the  measurement  process  for  species  J  is 
clearly  indicated  by  the  error  term.  Thus,  a  very  small  error  term  indicates  that  the  measurement 
process  is  indeed  correctly  predicting  the  assay  concentration  according  to  all  the  data  that  is 
available. 

The  next  step  is  to  look  at  the  key  properties  of  1®'  derivative  spectral  hnes.  Assuming  a 
Gaussian  hne  shape,  the  literal  absorption  line  and  its  1st  derivative  are: 

P  _  p  _  p  f~fs 

^  ~  M) 

/-/s  e*"- 

The  M  AX/MIN  of  the  signal  (Y s)  are  given  at  positions: 

/«.=A±1/#1S1  <12) 

And  the  absolute  1  st  derivative  signal  maximum  is: 

(13) 

Or  using  the  half  power,  half  width  "line  width"  W & 

|3,=ln(0.5)/W/  (14) 


=  0.71413P,_/W, 


(15) 


Other  useful  expressions  include  the  frequency  separation  of  the  1st  derivative  MAX/MIN  peaks: 
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(16) 


=  1.69864^5 

And  thus,  the  half  power,  half  line  width  is: 

Ws=  0.16121  Afs  (17) 


The  peak  absorption  power  at  fs  can  then  be  calculated  to  be: 


Psr^.  =1.4002951T,T, 
=  1.07440A/,T,„ 


(18) 


Thus  from  the  library  or  other  1st  derivative  spectrum  it  is  easy  to  deduce  the  absorption  line 
anplitude  from  the  frequency  splitting  of  the  max/min  and  the  estimated  anplitude  of  those 
max/min  values.  It  is  more  likely,  however,  to  use  an  LMS  of  the  1st  derivative  or  some  more 
encompassing  method.  In  clutter,  however,  it  is  possible  that  it  may  be  necessary  to  estimate  the 
line  width  from  the  max/min  separations.  Likewise  the  amplitude  may  be  best  estimated  from  a 
measurement  of  the  relative  amplitude  of  the  max  or  min  that  is  furthest  from  the  offending 
clutter  line.  It  will  be  less  contaminated  (distorted)  by  the  clutter. 

Using  a  pressure  of  5mT,  a  temperature  of  300K,  and  a  molecular  weight  of  25  amu,  the  largest 
hne  width  encountered  by  the  MACS  system  is: 

Wmax  =  0.63/2  =  0.3 1  MHz  (l/2power,  1  /2width)  (19) 

This  maximum  line  width  is  then  used  to  determine  the  SLPA  limits  for  distinguishing  two 
nearby  hues,  one  signal  line  S,  located  at  f  =  0,  and  one  clutter  line  C,  located  at  f  =  fc.  As  this 
distance  in  frequency  between  S  and  C  is  reduced,  the  error  in  the  frequency  and  amplitude 
estimate  for  S  will  increase.  An  error  of  0.005  MHz  in  frequency  and  5%  in  anplitude  is 
considered  acceptable.  This  error  will  occur  at  some  distance  D,  which  will  be  smallest  at  the 
widest  line  width.  D  is  calculated  using  the  same  integration  interval  that  the  SLPA  algorithm 
uses,  namely  [fsL,  fsR]  where: 

/sz,  ~  fuB  ~  4  *  and  (20) 

f  =  f  +4*W  ^ 

J3R  JlIB^^  ’'max 


Using  Equation  (9)  we  have  the  composite  spectrum  g(f)  for  a  signal  (at  f=0)  and  a  single  clutter 
hne  at  f=D),  an  example  of  which  is  shown  in  Figure  8.8. 
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(21) 


The  error  in  the  fit  to  the  signal  only  for  the  above  stated  integration  interval  is  given  by 
performing  an  LMS  fit  to  g(f)  on  that  frequeney  interval  and  then  comparing  the  derived  LMS 
fitting  parameter  to  the  input  (true)  signal  amplitude.  This  process  has  been  run  for  the  complete 
dynamic  range  of  C/S  and  the  results  are  given  in  Figure  8.9.  From  this  figure  the  separation 
distance  y  such  that  a  clutter  line  of  maximum  possible  amplitude  will  not  introduce  an  error 
greater  than  5%  in  amplitude  or  0.005MHz  in  frequency  is  calculated  to  be  log(2^^),  assuming 
the  MACS  system  has  24  bits  of  dynamic  range. 

y  =  2.508  MHz  (22) 

Therefore,  any  clutter  line  y  (MHz)  away  (on  either  side)  from  a  hfirary  peak  can  be  safely 
ignored.  Next,  consider  Dmin  to  be  the  separation  distance  between  two  hues  that  can  just  be 
resolved.  Figure  8.10,  showing  Dmin,  indicates  that  for  the  assumed  worst  case  conditions  that 
the  lowest  value  for  Dmin  occurs  where  C/S=l  and  this  separation  '%  is  given  as: 

^  =0.525  MHz  (23) 
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Signal  and  Clutter  Line  Resolution  Limit 


_ Log(C/S) _ 

Figure  8.10.  Signal  and  Clutter  Line  Resolution  Limit 
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These  constants  will  be  used  to  define  a  set  of  frequency  regions,  and  the  SLPA  algorithm  will 
process  clutter  hues  differently  depending  on  which  of  these  regions  the  clutter  line  resides. 
There  are  four  regions  used  by  the  SLPA,  which  are  shown  in  Figure  8.1 1. 

REGION  1:  hbrary  hue  central  region.  Any  lines  in  this  region  appear  as  a  single  irresolvable 
line  that  is  assumed  to  be  the  signal  of  interest  (ie.,  the  library  hne  centered  at  fuB- 

(flL=fLIB-^,  flR=fLIB+^)  (24) 

REGIONS  2L  and  2R:  Clutter  concern  "wings"  that  surround  region  1.  Here,  any  clutter  hues 
that  are  detected  must  comply  with  the  restrictions  of  Figure  8.8  or  be  reduced  and  then  the 
residue  must  likewise  be  contained  by  the  curve  listed  in  Figure  8.9. 


Region  2L  D  Region  2R-  [f2LL=fLiB-  T,  f2LR=  fiL=fLiB-^]  H  [f2RL  =fiR=fLiB+^,  f2RR=fLiB+  y] 

(25) 

REGION  3:  Final  evaluation  region.  After  aU  adjustments  are  made  this  is  the  interval  in  which 
the  LMS  or  similar  statistical  evaluation  is  made  to  fit  the  signal  line  to  the  composite  spectrum. 

[f3L=fLIB-4W  max?  fsR  =fLIB+4W  max]  (26) 


INITIAL 

STAGE 


f|ib‘ Y  flL-^LIB"  ^  f|ib  flR-fuB"'"  ^  Y 

FINAL 

ASSESSMENT 
INTERVAL 

^SL^^LIB  ■  ^^max  ^lib  f3R=fLIB+  ^^max 

Spectral  domains  (in  frequency)  surrounding  associated  with  the  library  line  under  test.  Clutter 
in  the  yellow  is  detected  and  reduced — including  the  “tails”  extending  into  the  green  region 
where  the  signal  line  (i.e.,  the  library  line)  may  reside.  Final  integration  occurs  in  the  orange 
region  after  clutter  removal  and  authorization  tests  are  performed. 


Reg.  3 


Region  2L 

Reg. 

1 

Region  2R 

Figure  8.1 1 .  SLPA  Frequency  Regions 


Clutter  Line  Removal  The  PEAKFENDER  will  be  designated  to  operate  in  REGIONS  1,  2L  and 
2R  serially.  The  routine  will  determine  the  presence  of  a  spectral  line  or  lines  in  each  region.  It 
will  utilize  the  resolution  uncertainty  to  attempt  to  determine: 
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(1)  if  there  is  1  line  in  region  2L 

(2)  if  there  is  1  line  in  region  2R 

(3)  if  there  are  no  lines  in  region  2L 

(4)  if  there  are  no  lines  in  region  2R 

(5)  if  there  are  >1  lines  in  region  2L 

(6)  if  there  are  >1  lines  in  region  2R 

The  explicit  algorithm  flow  will  rule  out  cases  (5)  and  (6)  as  "TOO  COMPLEX".  This  can  be 
improved  in  future  versions  if  necessary.  In  cases  (1)  and  (2)  the  CLUTTERREMOVAL 
subroutine  wiU  be  executed.  Another  subordinate  function  of  the  SLPA  will  assess  the  line 
width  of  the  declared  clutter  peaks  while  employing  the  Gaussian  L*  derivative  assumption  as 
noted  above.  This  subroutine  is  called  by  PEAKFINDER  in  the  event  that  PEAKFINDER 
determines  a  line  is  present.  In  the  event  that  there  is  found  to  be  a  clutter  hne  in  the  appropriate 
region  2L  and/or  2R,  then  the  routine  determines: 

^Cmax  ~  ^ve(absloute  values  of  the  line  extrema) 

^CuAx  ~  power,  half  width  of  the  clutter  line 

f^  =  center  frequency  of  the  clutter  line 

It  is  vital  that  once  the  line  center  is  found  in  region  2L  or  2R  that  the  calculations  avail  of  the 
frequency  interval  [f2LL,  ILib]  for  a  line  in  region  2L  and  [fuB,  f2RR]  for  a  line  on  region  2R.  Thus 
the  curve  fitting  for  the  clutter  uses  not  only  @L  but  the  left  half  of  region  1;  and  for  a  clutter 
line  in  region  2R  we  likewise  consider  the  data  from  the  library  frequency  to  the  right  edge  of 
2R.  This  is  done  to  correct  for  the  Gaussian  wings  that  interfere  with  the  signal  within  region  1. 

Given  0  or  1  clutter  lines  on  each  side  of  the  library: 

f-fc  ^  (27) 

These  functions  are  then  subtracted  from  the  composite  signal  to  evaluate  the  RESIDUAL 
ERROR  and  then  to  determine  if  the  accuracy  of  the  signal  of  interest  is  sufficient  to  include  in 
the  assay.  Let  the  spectrum  be  Q=Q(1).  The  REDUCED  SPECTRUM  which  will  be  used  in  all 
subsequent  computations  is: 

QnEoif)  =  Q(f)-Yc,  (/)  (28) 

For  example,  if  there  were  no  clutter  the  two  Y-terms  are  zero  and  the  reduced  spectrum  is 
identical  to  the  original  digital  spectrum,  Q(  ).  This  subordinate  procedure  is  designated 
CLUTTERREMOVAL  with  is  input  Q( )  and  a  line  frequency  and  width  for  each  region  2L  and 
2R. 
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Residual  Errors  in  Spectral  Amplitude  Measurement 


The  errors  associated  with  this  reduction  are  as  follows: 


1 .  Residual  overall  baseline  error 

2.  Spectral  noise  in  this  region 

3.  Presence  of  smaller  hnes  that  may  have  been  subsumed  by  the  clutter  hne(s) 

4.  Anomalies  in  the  line  shape  due  to  the  system  implementation 

5.  Deviation  of  pure  line  shape  physics  from  the  Gaussian  shape  model 

6.  Digitization 

Of  these,  type  3  error  is  unpredictable  and  types  4,  5  and  6  are  negligible.  The  error  term  can  be 
simphfied  to: 


Ec^E(f,) 

=  VResiduaBaselineError^  +  Noise^ 


(29) 


Note  Ec  can  be  evaluated  anywhere  in  the  effective  residual  clutter  region  [fuB-y,  ILiB+y])!  which 
is  only  a  few  MHz  in  width.  The  SLPA  function  THRESHOLD  will  set  Ec.  If  the  SLPA 
function  PEAKFINDER  function  determines  that  there  are  clutter  peaks  in  regions  2L  or  2R 
above  the  threshold  Pl*Ec,  where  PI  is  a  system  parameter,  then  the  CLUTTERREMOVAL 
function  will  subtract  them  As  we  remove  clutter,  the  signal  spectrum  will  change  and  become 
more  accurate.  If  clutter  lines  in  these  regions  are  complex  or  very  large  in  amplitude,  the 
residual  error  after  line  subtraction  may  still  be  too  great  to  expect  an  accurate  amplitude 
estimate  of  the  line  of  interest.  The  SLPA  function  RESIDUECHECK  will  analyze  the  signal 
level  in  regions  2L  and  2R  to  determine  if  this  is  the  case.  If  this  test  is  passed,  the  SLPA  wiU 
perform  an  LMS  fit  on  region  3  against  the  corresponding  library  line.  This  is  done  for  each 
library  line  that  is  included  in  the  script  for  the  assay  scenario.  The  full  SLPA  algorithm  flow  is 
shown  in  Figure  8.12. 
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Figure  8.12.  The  Smart  Line  Processor  Algorithm 
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8.41  Swap  Out  System/Surrogate  Software 

The  software  that  was  used  for  the  MET  demonstration  evolved  from  that  which  was  written  for 
the  science  and  technology  development  for  MACS.  Because  this  evolution  had  significant 
impact  on  the  final  surrogate  system  and  its  software,  we  will  first  outline  the  evolution  of  these 
building  blocks  and  their  relation  to  the  hardware  of  the  evolving  system. 

Buildii^  Blocks 

1.  The  development  of  the  TM  module  did  not  require  a  fast  sweeping  system  for  testing  and 
optimization.  Accordingly,  we  initially  adopted  a  synchronous  -  two  stepping  synthesizer 
strategy.  This  used  an  Agilent  E8257D  synthesizer  (with  Ethernet  communication)  and  a 
Micro lamba  MLSW-1065  synthesizer  (driven  by  a  multifunction  board)  to  provide  the  required 
10.7  MHz  off  set  between  the  TX  and  RX  frequencies.  Data  were  collected  by  an  Anfatec 
digital  lock-in  amplifier,  interfaced  via  a  Data  Translation  multifunction  board. 

The  control  software  was  developed  with  the  ‘.net’  framework  using  the  C#  language.  This 
allowed  all  of  the  control  functions  of  Lab  view,  but  in  a  format  much  closer  to  a  final  software 
solution  for  MACS.  This  software  synchronized  all  of  the  hardware  devices,  provided  graphical 
displays,  set  relevant  system  parameters,  and  saved  data  to  disk. 

2.  As  we  approached  the  need  to  start  to  make  libraries  and  experiment  with  real  spectra,  in  lieu 
of  the  FMS  and  its  software,  we  needed  to  develop  a  faster  sweep  strategy  to  record  spectra  over 
the  entire  210  -  270  GHz  region  In  order  to  avoid  having  to  sweep  synchronously  two 
synthesizers  (which  we  did  not  have)  and  to  solve  the  spectral  purity  problems  of  the  Agilent 
synthesizer  (which  were  (after  multiphcation  by  x24)  considerably  worse  than  our  spectral  line 
resolution),  we: 

a.  Replaced  the  narrow  10.7  MHz  IF  of  the  MACS’s  design  with  a  2.2  -  2.7  GHz  IF.  This 
allowed  us  to  use  a  fixed  local  oscillator  frequency,  while  sweeping  the  source  in  segments  of  50 
MHz. 

b.  The  FM  modulation  function  of  the  Agilent  synthesizer  preserved  its  good  spectral  purity  and 
allowed  sweeps  of  50  MHz  for  library  formation.  The  same  interface  was  used  for  each  of  the 
hardware  components,  but  the  software  was  modified  for  this  segmented  approach. 

3.  As  discussed  elsewhere  in  this  report,  a  ‘snippet’  strategy  was  developed.  The  ‘snippet’ 
parameters  could  be  input  into  the  system  via  either  a  control  panel  or  a  file. 

Software  for  the  packaged  1  cu  ft  system 

While  the  system  above  was  a  close  electrical  surrogate  for  a  MACS,  it  would  not  fit  into  the 
required  1  cu  ft  package.  This  was  largely  due  to  the  use  of  the  bench  top  Agilent  synthesizer 
and  Anfatec  lock-in  amphfier;  and  to  a  lesser  extent  due  to  the  use  of  the  OEM  Micro  lambda 
synthesizer.  Additionally,  we  were  still  using  our  lab  PC  rather  than  the  electrically  very  similar 
control  computer  in  MACS. 
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Accordingly,  the  system  shown  in  Figure  8.13  was  developed  to  drive  the  RX  and  TX  multipher 
chains.  In  this  system: 

1.  A  smaller,  but  coarser  stepping  (0.25  MHz)  Micro lamba  synthesizer  in  the  8-12  GHz  region 
(which  when  multiplied  by  x  24  provided  a  6  MHz  grid)  was  used  as  the  frequency  generator.  A 
portion  of  its  output  directly  drove  the  LO  chain  of  the  RX. 

2.  A  fast  sweeping  400  MHz  Analog  Devices  chip  level  synthesizer  was  used  to  provide  a 
tunable  sideband  to  drive  the  multiplier  chain  of  the  TX.  Again,  this  was  done  in  segments 
(typically  6  MHz  snippets)  for  the  MET  demonstration.  This  board  was  controlled  via  a  USB 
port. 

3.  The  YIG  filter  (which  was  used  to  ensure  spectral  purity  among  the  competing  mixer 
products)  was  driven  by  the  analog  output  of  the  Data  Translations  interface. 

4.  The  Anfatec  lab  lock-in  amphfier  was  replaced  by  its  PCI  expansion  card  equivalent.  This 
required  the  addition  of  software  to  replace  functionality  that  was  provided  by  firmware  in  the 
lab  version  of  this  device. 

5.  Figure  8.14  figure  shows  the  clickable  front  panel  display  that  was  used  to  control  and 
monitor  the  SAPM  and  to  run  the  sensitivity  test.  Input  choices  are  entered  into  the  parameter 
box  on  the  left.  In  addition,  the  system  can  provide  real  time  measurement  of  parameters  such  as 
the  cell  pressure,  sorbent  pressure,  sorbent  temperature,  etc.  in  graphical  form. 
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Figure  8.14.  SAPM  Control  Panel 
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9 


Basic  System  Integration  and  Packaging 


9.1  Architecture  of  the  Packaging  for  the  MACS  Phase  1  Systems  (1  and  2) 

The  MACS  Phase  1  package  architecture  was  driven  primarily  by  the  requirements  for  the 
system  to  fit  within  one  cubic  foot.  Additionally  a  modular  approach  was  required  to  enable  the 
team  to  integrate  the  three  major  subsystems,  developed  by  discrete  vendors.  For  this  reason  the 
phase  one  box  was  divided  into  three  volume  allocations  along  with  physical,  mechanical,  and 
electrical  interfaces.  The  overall  packaging  was  done  by  Smart  Transitions  utihzing  a  CAD 
(computer  aided  design)  package  called  Ahbre®  design.  Both  Battelle  Memorial  Institute  and 
The  Ohio  state  university  utilized  Pro-engineer®  to  model  their  subsystems  and  the  resultant 
designs  were  exported  in  the  “STEP”  file  format  and  then  imported  directly  into  Alibre  design. 

With  a  majority  of  the  COTS 
components  having  their 
height  measurements  around  5 
inches  the  team  adopted  a  3- 
unit  rack  height  packaging  of 
5.25  inches  yielding 
approximately  5.16”  of  usable 
interior  height.  In  keeping 
with  the  rack  mount 
philosophy  a  width  of  17”  was 
selected  to  fit  within  the 
mounting  rails.  And  the  finally 
a  depth  of  19.36”  was  selected 
to  utilize  the  entire  1  cubic 
foot  envelope.  This  strategy  provided  for  an  efficient  package  allowing  for  relatively  easy  access 
to  aU  the  subsystem  components  with  all  of  the  subassembhes  mounted  in  a  single  plane  on  the 
base-plate. 

During  the  packaging  process  EMI/RFI  sensitivities  were  addressed  with  the  effects  of  magnetic 
coupling  to  the  YIG  oscillator  being  the  area  of  greatest  concern.  Noise  coupled  to  the  YIG 
directly  affects  the  phase/ifequency  noise  spectrum  of  the  Terahertz  source  reducing  system 
sensitivity  and  selectivity.  The  two  largest  sources  of  magnetic  noise  are  from  the  switching 
power  supply  used  by  the  entire  system  and  the  roughing  punp  in  the  vacuum  subsystem.  These 
two  components  were  placed  in  the  extreme  opposite  side  of  the  enclosure  from  the  YIG  to 
provide  the  best  operating  environment.  Like  magnetic  couphng  mechanical  vibration  can  also 
cause  noise  degradation  of  the  YIG.  The  single  largest  vibration  source  is  the  roughing  punp 
followed  by  the  coohng  fans.  The  roughing  pump  was  mounted  on  vibration  isolators  to  impede 
the  mechanical  vibration  couphng  into  the  base  plate.  The  YIG  was  also  mounted  on  isolators  as 
a  further  attempt  to  reduce  mechanical  induces  noise  on  the  THz  source.  In  the  end  the  noise 
from  the  roughing  pump  was  too  great  requiring  the  pumping  and  sweeping  operation  to  be 
exclusive.  Moving  to  phase  locked  loop  control  of  the  YIG  in  the  next  generation  design  will 
remove  this  constraint  since  the  source  of  the  noise  is  well  below  the  loop  bandwidth  allowing 
the  PEL  to  track  and  correct  this  periodic  noise. 
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9.2  R&D  Leading  to  Phase  2  Improvements  (Size,  Volume,  Cost,  Speed,  Performance) 

9.1  In  Phase  2  of  the  program  the  overall  packaging  objectives  will  be  to  support  an  activity 
demonstration.  This  will  require  the  MACS  system  to  fit  within  another  system  such  as  a  UAV, 
wheeled  vehicle,  or  shipboard  system  In  the  case  of  the  shipboard  system  our  current  rack 
mounted  chassis  would  suffice,  however  a  UAV  or  wheeled  vehicle  application  wiU  require 
additional  packaging  constraints.  For  a  UAV  the  MACS  payload  should  have  a  small  cross- 
sectional  area  to  fit  within  the  equipment  bay  and  the  system  must  be  ruggedized  to  handle  the 
takeoff  and  landing  loads  along  with  vibrations  coupled  through  the  airframe.  Like  the  UAV  a 
wheeled  vehicle  application  will  require  the  MACS  system  to  be  hardened  against  vibration  and 
shock. 

As  mentioned  in  section  9.1  changing  the  FMS  subsystem  from  frequency- lock  to  phase- lock 
will  alleviate  the  susceptibility  of  sensitivity  degradation  due  to  vibration  and  EMI/RFI.  This 
single  design  change  will  provide  the  greatest  compatibility  improvement  to  varying 
environments.  This  is  not  the  end  of  the  story  however  since  the  THzconponents  require  critical 
alignments  and  slight  vibrations  on  this  “optical  path”  could  cause  amplitude  disturbances 
similar  to  absorption  spectra  and  therefore  reduce  sensitivity.  We  will  therefore  be  required  to 
strengthen  and  isolate  the  THz  module  from  external  mechanical  noise  sources.  The  balance  of 
“hardening”  of  electronics  will  be  to  increase  their  survivability  in  harsh  environments. 

While  there  will  be  significant  design  changes  in  the  second  phase  of  MACS  there  will  not  be  a 
significant  reduction  in  overall  size,  weight,  or  power  consumption.  The  subsystems  that  are 
reduced  in  size,  weight,  and  power  will  make  room  for  added  capabilities  and  robustness.  A  case 
in  point  is  the  sample  cell  that  will  be  reduced  from  ~  100  ml  to  10  ml  while  a  second  frequency 
band  is  added  to  expand  the  range  of  molecules  MACS  can  detect.  The  net  result  will  be  a  THz 
module  of  about  the  same  volume  but  with  greatly  expanded  capabilities. 

9.3  Design  Specifications  and  Engineering  Drawings 

9.3  Engineering  drawings  for  the  MACS  Phase  1  system  are  all  contained  within  the 
CAD/CAM  domain  of  the  Alibre  Design  software  product  and  more  specifically  the  “STEP”  file 
formats.  Detailed  2-D  drawings  were  made  for  the  sheet  metal  components  on  this  program  but 
not  for  machined  assemblies.  3-D  models  were  simply  exported  to  the  various  machine  shops 
resulting  in  the  “finished  goods”  we  desired.  Attached  in  appendix  A9.1  are  the  assembly  and 
fabrication  drawings  for  the  MACS  Phase  1  chassis. 
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Fig  9.3.1  MACS  Assembly  Drawing 
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Fig  9.3.2  MACS  right  side  panel 
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Fig  9.3.3  MACS  left  side  panel 
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Fig  9.3.4  MACS  base  plate 
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Fig  9.3.5  MACS  rear  panel 
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Fig  9.3.6  MACS  top  panel 
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Fig  9.3.7  MACS  vacuum  connector  access  cover 
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Fig  9.3.8  MACS  direct  access  valve  cover 
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10  Completed  Integrated  System  Calibration  and  Testing 

10.1  Prerequisites  to  Spectroscopic  Measurements  (Library,  Calibrations,  System 
Parameterization;  Various  Characterizations) 

Evolution  and  development  of  required  systems:  Library  development  and  calibration 
needed  a  functional  MACS  or  a  close  surrogate.  The  basis  of  these  spectroscopic  measurements 
was  originally  the  MACS  Swap  Out  System  (SOS),  which  evolved  into  the  surrogate  system 
(MACSl).  The  former  was  originally  intended  to  provide  a  system  level  test  bed  for 
development  of  the  SAPM  and  TM  (and  their  interactions),  etc.  As  the  FMS  was  being 
developed  the  SOS  was  driven  a  stepping  commercial  synthesizers  (A  laboratory  Agilent  20 
GHz  synthesizer  and  a  small  Microlambda  OEM  synthesizer)  and  the  signals  present  at  the 
output  of  the  RX  IF  chain  were  detected  by  a  Herotek  diode,  followed  by  a  lock  in  anplifier. 
Because  we  needed  to  do  absolute  intensity  cahbrations,  the  deviation  of  the  Herotek  diode  from 
an  ideal  square  law  detector  was  measured.  This  detector  calibration  became  a  part  of  the 
intensity  measurement  software. 

Libraries  need  full  sweep:  However,  this  particular  synthesizer  approach  was  not  suitable 
for  the  development  of  libraries  because  of  its  slow  scan  capabihties.  The  development  of  the 
MACS  library  required  a  MACS  like  system  capable  of  sweeping  the  entire  210  -  270  GHz  band 
in  a  reasonable  time.  The  original  SOS  was  not  designed  to  do  this.  However,  as  the  need  to 
make  hbraries  and  to  test  the  broadband  response  of  the  TM  arrived  before  the  availabihty  of  the 
sweepable  FMS,  alternatives  were  developed. 

(1)  Agilent  sweep  scheme:  In  it’s  native  sweep  mode,  the  Agilent  synthesizer  did  not  have  the 
required  spectral  purity  for  MACS  and  introduced  additional  noise  into  the  system.  A  segmented 
sweep  approach,  based  on  the  combined  FM/Phase  modulation  capability  of  the  Agilent 
synthesizer  and  an  increase  of  the  narrow  band  10.7  MHz  IF  to  500  MHz  bandwidth  was 
developed  to  allow  us  to  sweep  the  60  000  GHz  in  pieces  of  200  MHz. 

(2)  Modulation  and  signal  recovery  issues:  The  original  scheme  was  to  make  the  hbraries  on  the 
integrated  MACS.  This  would  have  produced  the  exact  lineshapes  associated  with  the  square 
wave  modulation  and  demodulation  of  the  FMS.  However,  to  make  the  libraries  in  a  timely 
fashion  we  used  a  sine  wave  modulation,  lock-in  detection  scheme.  We  expect  that  that  the 
lineshapes  in  these  libraries  will  not  be  so  different  from  FMS  lineshapes  as  to  seriously  impact 
signal  recover  schemes.  However,  this  is  stiU  a  TBD. 

(3)  Absolute  intensity  calibration:  Intensity  calibration  is  an  important  part  of  the  deconvolution 
of  congested  spectra.  We  had  originaUy  planned  to  make  the  hbraries  on  the  final  MACS 
systems  to  make  sure  that  the  response  function  of  the  hbraries  and  the  instrument  were  identicaL 
However,  to  make  the  hbraries  in  a  timely  fashion  we  developed  a  scheme  that  provided  absolute 
calibration  (see  section  4.5).  Although  we  have  not  yet  been  able  to  compare  the 
libraries/lineshapes  made  in  this  fashion  with  spectra  recorded  on  the  FMS,  we  expect  that  they 
will  at  least  be  satisfactory  for  preliminary  work.  In  fact,  while  this  absolute  calibration  was  a 
more  ambitious  approach,  in  the  end  it  worked  well. 
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System  development  for  the  GNG:  For  the  preliminary  demonstration  a  system  that  was 
functionally  equivalent  to  a  final  MACS  system  was  used.  However,  it  had  two  major  laboratory 
units  which  did  not  fit  into  the  MACS  enclosure  and  which  were  not  suitable  for  the  GNG 
(which  required  a  1  cu  ft  box):  (1)  an  Agilent  frequency  synthesizer,  and  (2)  and  Anfatec  lock 
in  detector,  which  together  were  used  as  a  surrogate  for  the  FMS.  A  lab  PC  was  also  used  rather 
than  the  PC  in  the  MACS  chassis  as  well. 

To  fit  the  system  into  the  MACS  enclosure,  a  coirpact  Analog  Devices  chip  level  sweeping 
synthesizer  based  source  (Fig.  10.1)  was  used  to  provide  the  drive  for  the  VDl  multipher  chains 
of  the  TM  and  a  card  level  lock-in  was  inserted  into  the  on-board  PC  (which  was  also  used  to  run 
the  system  for  the  these  final  demonstrations). 

In  this  system  a  small,  course  stepping  (0.25  MHz)  synthesizer  was  used  to  directly  provide  the 
local  oscillator  frequency.  The  sweepable  source  frequency  was  produced  by  mixing  this  signal 
with  the  output  of  a  chip  level  400  MHz  fast  sweeping  synthesizer  from  Analog  Devices.  A  YIG 
filter  was  necessary  so  that  the  other  mixing  products  that  are  present  in  the  output  of  the 
sideband  generator  did  not  grow  to  problematic  levels  in  the  x24  multipher  chain  of  the  TM. 

This  system  preserved  the  low  noise  of  the  small  stepping  synthesizer  system  mentioned  above, 
but  provided  the  sweep  capabihty  required  for  these  tests.  Results  from  this  system  are  shown  in 


Section  4.5  above. 


10.2  Preparations  and  Test  Plans  for  the  MET  (MACS  Evaluation  Teani)-Proctored  and 
Facilitated  MACS  System  Level  Testing  Exercises 

Two  sets  of  demonstrations  were  carried  out.  The  first,  a  set  of  prehminary  demonstrations, 
and  then  the  final  proctored  GNG  demonstrations.  The  former  were  particularly  iirportant  to 
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establish  appropriate  testing  procedures  because  of  reactions  among  the  gases  in  mixtures  before 
they  were  introduced  into  the  MACS  system  and  because  of  decay  in  trace  samples  between  the 
time  they  were  prepared  and  when  they  were  ingested  into  MACS. 

A  critical  part  of  both  the  sensitivity  and  selectivity  tests  was  the  preparation  of  reliable  test 
sairples.  The  challenge  for  the  mixtures  was  to  develop  an  understanding  of  the  chemistry  that 
happened  after  the  samples  were  injected  into  the  mixture  bulbs,  but  before  they  were  ingested 
by  the  MACS  system.  The  challenge  for  the  sensitivity  tests  was  the  reliable  preparation  of 
extremely  small  concentrations  and  the  development  of  a  means  to  guard  against  reaction  or 
other  wall  effects  that  would  remove  or  reduce  the  concentrations  of  the  trace  samples  before 
they  were  ingested  by  MACS.  These  two  challenges  had  different  solutions. 

The  dilute  mixtures:  The  GNG  sensitivity  test  could  best  be  conducted  on  a  sample  whose 
concentration  was  ~  100  ppt.  In  consultation  with  the  MET,  we  agreed  that  part  of  the  solution 
of  this  challenge  would  be  to  use  a  known  isotopic  abundance,  in  this  case  deuterium,  to  account 
for  part  of  the  dilution.  While  a  number  of  volumetric  and  storage  schemes  were  explored,  in  the 
end  we  agree  to  use  certified  100  ppm  mixtures  from  a  laboratory  which  routinely  prepares  these 
mixtures  for  the  EPA,  combined  with  Mass  Flow  Controllers  to  further  dilute  these  mixtures  to 
near  100  ppt.  Mass  flow  controllers  are  cahbrated  to  provide  variable,  but  known  dilutions  of  the 
sairple  mixture  in  either  air  or  nitrogen.  We  found  this  approach  to  be  remarkably  reproducible 
and  rehab le.  Figure  10.2  shows  these  devices  and  their  control  units. 

The  chemical  reactions  in  the  gas  mixtures  are  a  fundamental  problem.  This  is  because  it  is 
possible  (and  likely)  to  choose  mixtures  for  tests  that  can  not  exist  in  real  atmospheres  (if  you 
feed  gases  that  react  into  the  air,  they  will  react,  and  they  will  no  longer  be  in  the  atmosphere!). 
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However,  since  MACS  is  quantitative,  it  is  possible,  (with  surety)  to  use  MACS  to  measure  what 
is  really  in  the  mixture  bulbs,  so  that  it  can  be  compared  to  what  was  originally  placed  in  the 
bulbs.  Both  the  preliminary  report  (Appendix  A)  and  final  report  (Appendix  B)  show  these 
results.  This  is  actually  a  significantly  harder  challenge  than  that  posed  by  the  GNG  tests 
because  of  the  much  wider  variation  in  concentration  and  signal  strengths  encountered. 


10.3  Sensitivity  Testing  and  Performance  Results 

As  described  in  more  detail  in  Appendix  B,  a  1  sigma  sensitivity  level  of  ~  2  ppt  was  obtained 
and  the  ROC  of  Fig.  10.3.1  resulted.  These  results  exceed  the  100  ppt  GNG  level  by  such  a  large 
margin  that  it  was  not  possible  to  plot  the  100  ppt  result  on  this  graph. 


It  should  be  remarked  that  these  results  were  obtained  on  a  system  that  was  far  from  optimized. 
We  feel  that  it  will  be  relatively  straightforward  to  both  improve  the  sensitivity  level  of  these 
results  and  to  extend  them  to  a  considerably  wider  range  of  molecules. 


10.4  Selectivity  Testing  and  Performance  Results 

These  results  are  detailed  in  Appendix  B.  Figure  10.4.1  shows  the  results  in  an  informative 
manner.  Currently  we  adopt  the  simple  procedure  of  selecting  6  fingerprint  lines  for  each  of  the 
31  gases  and  then  using  the  frequency  agility  of  MACS  to  look  at  a  ‘snippet’  for  each  fingerprint 
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line.  Although  not  optimum  from  a  samphng  time  point  of  view,  we  look  at  all  of  the  snippets 
for  each  gas  before  going  on  to  the  next.  Since  the  snippets  are  displayed  in  the  order  they  are 
sairpled,  this  makes  the  visual  inspection  of  Fig.  10.4.1  straightforward. 

In  this  figure,  for  each  of  the  gases  present,  spectral  hnes  appear  (in  groups  of  6)  and  these  are 
labeled  in  this  figure.  (The  corrpressed  graphics  of  this  display  does  not  do  justice  to  the 
sensitivity  and  spectral  information  that  is  in  the  files).  Figure  4.5.2  above  shows  the  snippets 
forGNG  Mixture#!. 

In  a  real  sensor,  it  would  be  wiser  to  look  at  a  single  snippet  first,  see  if  it  is  present  at  a 
predetermined  concentration  level  and  then  make  a  decision  as  to  whether  to  look  at  other 
snippets  of  this  gas  or  to  move  on  to  the  next  gas.  This  decision  will  be  influenced  not  only  by 
the  presence  of  absence  of  the  gas  at  the  predetermined  level,  but  also  by  the  suritiy  that  one 


Figure  10.4.1.  Snippet  display  for  Mixture  #2. 
requires  of  the  result  (the  ROC  improves  very  rapidly  as  you  look  at  more  lines) 


10.5  Derived/Calculated  Quantities 

Sensitivity  at  30  ppt: 

PFA<  10'° 

PFD<10'° 

Specificity  for  31  gas  mixtures  better  than 
PFA<  10'° 
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PFD<10'‘^ 
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11  Summary  of  Phase  1  Objectives  and  Results 


11.1  Listing  of  Objectives  with  Results 
Go/No- Go  Goals  for  Phase  1. 


SYSTEM:  1  ft3 
SENSITIVITY:  100  ppt 
SELECTIVITY:  30  species 
ASSAY  TIME:  10  min 

ROC  PERFORMANCE2:  PD=0.9999;  PFA=0.001 
SYSTEM  SCALINGS:  computer  resources  adequate  for  muiti- missions 
USER  OUTREACH:  establish  user  community  interest 
Fulfillment  of  Phase  1  Goals. 

1.  The  MET  was  presented  a  MACS  system  configuration  that  is  1  cu  ft  in  volume. 

2.  The  MET  observed  a  test  that  yielded  to  spectral  lines  of  deuterated  acytonitrile  showing  10 
fines.  The  measured  reliability  of  least  means  squares  between  these  particular  fines  and  those  of 
the  previously  recorded  MACS  library  for  this  compound  produced  results  indicating  an  accurate 
concentration  measurement.  The  sensitivity  test  data  is  shown  in  APPENDIX  1.  The  fines  are 
clearly  present  (see  item  5). 

3.  The  MET  also  participated  in  a  series  of  mixture  tests  that  covered  the  31  gases  used  in  the 
selectivity  demonstration.  These  results  were  also  satisfactory  and  are  presented  in  APPENDIX 
All.l. 

4.  The  system  was  operated  within  the  10  minute  assay  time  limit  and  observed  by  the  MET. 

5.  The  detection  characteristics  are  calculated  in  APPENDIX  A11.2  and  confirm  that  the  MACS 
1  unit  at  100  ppt  can  operate  with  PD  and  PFA  within  the  bounds  prescribed  by  the  conditions. 

6.  The  microcontroller  used  for  MACS  is  anTMS470  ARM  7  (Evaluation  board  version  - 
relatively  inexpensive);  1MB  Flash  memory;  60  MHz  clock;  64  kB  RAM  with  many  features 
including  a  direct  memory  access  controller  (DMA),  twelve  communications  interfaces,  and 
onboard  ADC  channels  and  a  500  GBytes.  The  memory  requirements  to  store  the  library  (worst- 
case  scenario)  of  31  species:  1,920,000  samples  (double)  per  analyte  at  8  bytes/sample  is 
approximately  465  Mbytes.  That  would  cover  more  than  1000  species.  The  MACS  embedded 
computer  language  is  text  script  based  and  consumes  negligible  space  as  also  do  the  set  of  other 
system  parameters  and  files.  For  the  MACSl  systems,  there  is  no  issue  with  CC-based  capacity. 

7.  Dr.  Patten  has  three  letters  from  USG  representatives  that  meet  this  condition. 


2 

Statistical  in  origin:  theoretically  estimable  only 

Set  by  central  computer  resource  limits  (not  an  issue  for  Phase  1) 
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Conclusion.  The  objectives  are  met. 

11.2  User  Community  Outreach  and  Interest  in  MACS:  MAG  (MACS  Advisory  Group) 
Report 

11.2.1  Background  and  Objectives  of  the  MAG 

The  MAG  was  devised  by  Smart  Transitions  (ST)  and  incorporated  into  the  Phase  1  MACS 
proposal  The  following  language  from  the  proposal  outhnes  the  function  of  the  envisioned 
MAG. 

From  the  Executive  Summary,  objective  2: 

"Develop  a  system  that  is  appropriate  not  only  for  a  Phase  1  demonstration  and  for  a 
successful  Phase  II  and  beyond  into  DoD  militarization,  and  also  creating  a  MACS  Advisory 
Group  (MAG)  to  assist  post-DARPA  transition.  To  this  end  we  will  begin  with  commercial 
SMM  technology  from  one  of  our  team  members  and  also  include  a  development  program  that 
takes  advantage  of  the  basic  simplicity  of  our  solid  state  SMM/THz  technology  to  advance 
towards  more  monolithic  system  modular  components  that  can  scale  downward  in  quantity — 
in  size,  mass  and  especially  in  price. " 

And  from  within  the  body  of  the  proposal: 

"Also  incorporated  into  Task  1  will  be  the  formation  of  the  MACS  Advisory  Group  (MAG). 
The  MAG  will  operate  with  two  levels,  one  of  technical  orientation  and  one  of  user 
orientation.  The  MAG  will  seek  to  assist  ST  and  DARPA  in  aligning  the  product  with  the 
target  communities  and  also  in  achieving  optimum  technical  capabilities.  The  MAG  will 
deliver  recommendations  informally,  and  periodically,  but  formally  at  the  end  of  Phase  II. " 

The  intent  of  the  MAG  is  not  manifest  in  involvement  directly  with  initial  R&D  (in  particular 
Phase  1  of  the  current  program).  Among  its  near  term  objectives,  the  MAG  intends  to  identify 
potential  users  of  the  MACS  technology  and  to  identify  system  requirements  associated  with 
several  classes  of  users.  The  MAG  also  seeks  to  identify  transition  partners  that  can  work  with 
DARPA  to  participate  in  the  development  of  fieldable  systems  for  the  identified  users. 

ST  provided  leadership  for  the  MAG  under  the  Phase  f  effort.  Battelle  was  subcontracted  to 
assist  ST  in  leading  the  MAG.  The  MAG  Executive  Committee  included: 

•  Keith  Reiss  (ST),  chairman 

•  Christopher  Ball  (Battelle),  co-chairman 

•  Joe  Maniaci  (Strategic  Analysis,  Inc.),  DARPA  SETA  support 

•  Laura  Vanderberg,  consultant 

•  Frank  De  Lucia  (Ohio  State  University) 

•  Tom  Edmonston  (ST) 

•  Dev  Palmer  (ARO),  MACS  COTR 

•  Raphael  Moon  (ECBC) 
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•  Henry  Everitt  (Army  RDEC) 

Additional  MACS  team  members  provided  MAG  support  on  an  as- needed  basis. 

The  MAG  seeks  to  optimize  technical  capabilities  in  whatever  mission  areas  are  best  suited  to 
our  MACS  technology.  The  applications  may  ultimately  be  most  relevant  will  not  be  manifest  in 
the  initial  prototype,  and  various  developments  beyond  Phase  1  will  necessarily  create  expanding 
capabilities  and  options,  some  possibly  not  yet  even  envisioned.  The  MAG  was  cognizant  of  the 
notion  that  MACS  will  not  be  able  to  do  any  conceivable  detection  task.  The  MAG  was  also 
advised  to  focus  beyond  DARPA,  which  is  sponsoring  the  initial  new  technology  development. 
Therefore,  it  was  incumbent  upon  the  MAG  to  manage  expectations  for  the  MACS  technology, 
particularly  during  its  infancy. 

11.2.2  MAG  Activities 

A  summary  (See  Appendix  A1 1.2)  of  MAG  activities  includes: 

•  Locating  possible  MAG  membership 

•  Invitations  and  acceptances 

•  Preparation  of  MAG  Information  Packet 

•  Issuance  of  MAG  Information  Packet  and  personal  communications  with  each  member 

•  MAG  data  exchange  structure  development 

•  Periodic  MAG  updates  via  SharePoint 

•  Periodic  MAG  feedback  solicitations  telephone/telecom  communications  and  gathering  of 
or  creation  of  written  notes 

•  Pace  to  face  meetings  as  possible 

•  Executive  membershp  meetings  at  least  in  parallel  with  the  PMRs 

•  Meetings  on  firm  possibilities  and  foUow  up  actio  ns/ vis  its  and  securing  of  letters  of  interest 
or  the  equivalent— or  better  as  evidence  of  user  interest  that  will  satisfy  DARPA  Phase  1  -^2 
transition  requirements 

•  Preparation  of  a  near  end  of  Phase  1  performance  view  packet,  possibly  with  video 

•  Preparation  of  a  final  summary  of  MAG  activities  and  concomitant  suggestions  and 
recommendations. 


11.2.3  Outcome  of  MAG  Activities 

Numerous  potential  MACS  users  and  transition  partners  within  the  Government  (primarily  DoD, 
IC,  and  other  agencies)  were  contacted  by  the  Executive  members  of  the  MAG.  These  contacts 
were  intended  to  introduce  the  technology  and  to  elicit  feedback  on  the  types  of  missions  and 
requirements  that  each  contact  brings  to  the  table.  Several  face-to-face  meetings  were  held  to 
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facilitate  information  exchanges.  A  summary  of  the  direct  contacts  made  by  the  MAG  is 
provided  in  Appendix  1 1.2. 

One  vehicle  by  which  the  MAG  attempted  to  compile  information  from  potential  users  and 
transition  partners  was  a  questionnaire.  Appendix  11.2  shows  a  blank  version  of  this 
questionnaire  along  with  two  responses  reeeived  by  Government  contacts. 

In  the  end,  the  MAG  was  able  to  generate  strong  interest  in  the  MACS  technology.  In  most 
cases,  this  interest  was  expressed  verbally  and  necessitates  additional  follow-up  under  Phase  2. 
In  several  cases,  contacts  were  able  to  provide  endorsement  letters  directly  to  the  DARPA  PM 
indieating  their  interest  in  the  MACS  technology  and  their  desire  to  see  the  development 
eontinue  as  well  as  potentially  contribute  to  the  development  as  transition  partners.  A  template  of 
an  endorsement  letter,  developed  by  the  MAG,  is  presented  in  Appendix  11.3,  along  with  the 
three  letters  received  from  Government  contacts. 
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Appendix  A3. 1 

SAPM  Mechanical  Design  DetaUs 
SAPM  Mechanical  Component  List 


Major  Equipment 

Vendor 

Part  Number 

Quantity 

Turbo  Pump 

Pfeiffer 

PM  P02  607 

1 

Diaphragm  Pump 

Pfeiffer 

PK  T05  070  B 

1 

Hi  vacuum  manifold  body  mat'l 

Mcmaster  Carr 

8896K74 

1 

Roughing  manifold  body  mat'l 

Mcmaster  Carr 

89075K461 

1 

SMM  manifold  body  mat'l 

Mcmaster  Carr 

9083K131 

1 

Large  orifice  vacuum  valve 

CKD  Industries 

GFVB55-7-0-B2CS-3 

4 

Small  orifice  vacuum  valve 

CKD  Industries 

GFVB25-2-0-B2CS-3 

3 

Micropirani  OEM  sensor  kit 

MKS 

905-0001 

6 

Proportional  vacuum  control  valve 

Pfeiffer 

PF  113  931 

1 

Radial  flow  vacuum  housing  mat'l,  2D 

Mcmaster  Carr 

89325K653 

1 

Kapton  manifold  heater 

Minco 

HK5371R136L12A 

2 

Silicone  SMM  heater 

Minco 

HR5579R11.4L12A 

4 

Kapton  heater  for  radial  housing 

Minco 

HK5576R45.0L12A 

2 

Kapton  heater  for  radial  housing 

Minco 

HK5161R39.2L12A 

2 

Small  Parts  and  Materials 

KF16  blank  flanges 

MDC  Vacuum 

712000 

10 

KF16  seal 

MKS 

100311701 

10 

KF25  blank  flanges 

MDC  Vacuum 

712001 

2 

KF25  seal 

MKS 

100312703 

2 

KF16  bulkhead  clamp 

MDC  Vacuum 

716000 

2 

KF16  band  clamp 

VWR  Scientific 

EVC1 05-1 2-401 

1 

Tubing,  1/2"  X  .035" 

Mcmaster  Carr 

89895K146 

1 

Tubing,  1/4"  X  .028" 

Mcmaster  Carr 

89895K124 

2 

Tubing,  1/4"  X  .065" 

Mcmaster  Carr 

89895K127 

1 

Delrin,  1 2"  X  1 2"  X  3/4" 

Mcmaster  Carr 

8575K118 

1 

Delrin,  3"X  1  1/4"X  12" 

Mcmaster  Carr 

8662K75 

1 

Delrin,  1 2"  X  1 2"  X  1 /4'' 

Mcmaster  Carr 

8575K115 

1 

G-IOGarolite,  12''X12"X1/4" 

Mcmaster  Carr 

9910T31 

1 

Adapter  fitting  for  proportional  valve 

Pfeiffer 

PT  420  912 -T 

1 

Weldlip  vacuum  feedthrough 

Kurt  Lesker 

TFT1KY2C151 

2 

Knurled  thumb  screw 

Mcmaster  Carr 

91830A204 

6 

4-40  screws  X  7/8" 

Mcmaster  Carr 

92196A114 

1 

4-40  screws  X  7/1 6" 

Mcmaster  Carr 

92196A109 

1 

#4  Washers 

Mcmaster  Carr 

96765A110 

1 

Siltek  treatement  -  2D  housing 

Restek 

1 

Siltek  treated  1/4"  bulkhead  fitting 

Restek 

22571 

2 

Siltek  treatment  -  hivac  manifold 

Restek 

1 

Siltek  treatment  -  sorbent  tube 

Restek 

2 

Siltek  treatment  -  hi-lo  manifold 

Restek 

1 

Siltek  treatment  -  filter 

Restek 

2 

Fitting  -  diaphragm  pump 

Swagelok 

SS-400-1-2RS 

2 

Filter  -  inline 

Swagelok 

SS-4FWS-05 

2 

Vibration  Isolators 

Barry  Controls 

ME-500 

4 

SAPM  Mechanical  Drawings 

The  following  mechanical  drawings  are  provided  in  the  remaining  pages  of  this  appendix. 

•  Integrated  MACS  system,  including  SAPM 

•  Integrated  SAPM  system 

•  SAPM  mock  system  base  plate 

•  Roughing  manifold 

•  Diaphragm  pump  valve  mounting  plate 

•  Diaphragm  pump  mounting  plate 

•  Low  vacuum  tube 

•  SMM  outlet  manifold 

•  SMM  outlet  valve  mounting  plate 

•  High  vacuum  manifold  (3  pages) 

•  High  vacuum  manifold  mounting  plate 

•  Turbo  pump  bracket 

•  Turbo  pump  outlet  tube 

•  Direct  inject  port  tube 
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SAPM  Electronic  Design  Details 
SAPM  CCA  Parts  List 
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REF.  # 

Part  Type 

Footprint 

Package 

Value 

Quantity 

Available  fron 

Resistors 

R1 

WSL201  0R3000FEA 

RC201  0 

TAPE 

0.3 

1 

Digikey 

R2,  R1  1  ,  R36, 
R41  ,  R56-57 

ERJ-6GEY0R00V 

RC0805 

TAPE 

0 

6 

Digikey 

R3-4,  R8-10, 
R18-19,  R25- 
27,  R48 

ERJ-6GEYJ1  12 

RC0805 

TAPE 

1  .1  K 

1  1 

Digikey 

R5-6,  R13-15, 
R23-24.  R31-33 

ERJ-6GEYJ244V 

RC0805 

TAPE 

240K 

1  0 

Digikey 

R7,  R28-30, 
R34-35,  R37- 
39,  R42-43,  R45 
47,  R50-53, 

R59,  R61 

ERJ-6GEYJ103V 

RC0805 

TAPE 

1  OK 

20 

Digikey 

R12 

ERJ-6GEYJ303V 

RC0805 

TAPE 

30K 

1 

Digikey 

R16-17,  R49 

ERJ-6GEYJ1  04V 

RC0805 

TAPE 

100K 

3 

Digikey 

R20-22 

ERJ-6GEYJ222V 

RC0805 

TAPE 

2.2K 

3 

Digikey 

R40 

ERJ-6GEYJ362V 

RC0805 

TAPE 

3.6K 

1 

Digikey 

R44 

ERJ-6GEYJ106V 

RC0805 

TAPE 

1  OM 

1 

Digikey 

R54 

ERJ-6GEYJ204V 

RC0805 

TAPE 

200K 

1 

Digikey 

R55 

ERJ-6GEYJ1  01  V 

RC0805 

TAPE 

100 

1 

Digikey 

R58,  R60 

ERJ-6GEYJ393V 

RC0805 

TAPE 

39. OK 

2 

Digikey 

R62 

ERJ-L1  DKF10CU 

RC201  0 

TAPE 

0.1 

1 

Digikey 

R63 

ERJ-P14J103U 

RC1210 

TAPE 

1  OK 

1 

Digikey 

Capacitors 

C1-2,  C15 

C3-4,  C1  1-14, 

Cl  6,  Cl  8,  C22, 
C24-29,  C34- 
40,  C43-C52, 

ECJ-4YF1  H106Z 

CC1210 

T  ape 

1  OuF 

3 

Digikey 

C56-C63,  C65, 
C67,  C70-71  , 
C74-81 

ECJ-2FB1  HI  04K 

CC0805 

Tape 

0.1  uF 

52 

Digikey 

C5-6 

ECJ-2VB2A471  K 

CC0805 

Tape 

470pF 

2 

Digikey 

Cl  7,  C20 

T495X476K035ATE300 

CC7343 

Loose 

47uF,  tant 

2 

Newark 

C19 

293D335X9050C2TE3 

CC6032 

T  ape 

3.3uF,  tant 

1 

Mouser 

C21  ,  C23,  C31  - 
33,  C41-42,  C53 
55 

ECJ-2YB1  H683K 

CC0805 

Tape 

0.068UF 

10 

Digikey 

C30 

ECJ-2VC1  H121  J 

CC0805 

T  ape 

120pF 

1 

Digikey 

C64 

ECJ-2VB1  H103K 

CC0805 

T  ape 

1  OnF 

1 

Digikey 

C66 

ECJ-2YB1  E224K 

CC0805 

T  ape 

0.22uF 

1 

Digikey 

C68-69 

LM  K325B  J 1  07M  M-T 

CC1210 

Tape 

lOOuF 

2 

Digikey 

C72-73 

ECJ-2VC1  H220J 

CC0805 

Tape 

22pF 

2 

Digikey 

Inductors 

LI 

SPD127-473M 

Surface  mount 

TAPE 

1 

Allied 

L2 

SPD127R-224M 

Surface  mount 

TAPE 

1 

Allied 

Chips 

U1  ,  U3-6,  U12- 
13,  U15-17 

LTC1050CS8 

8  SOIC 

TUBE 

10 

Digikey 

U2,  U10-1  1 

LT1 025 

8  SOIC 

TUBE 

3 

Nu  Horizons 

U7 

MC33063ADG 

8  SOIC 

LOOSE 

1 

Mouser 

U8-9 

DRV104PWPRG4 

14  HTSSOP 

TAPE 

2 

AVNET 

U14,  U23 

MCP4822 

8  SOIC 

TUBE 

2 

Digikey 

U1  8 

MC9S1  2XDP51  2CAG 

144  LOFP 

LOOSE 

1 

Newark 

U1  9-U21 

M  AX232AC  W  E-i- 

16  SOIC 

TUBE 

3 

Digikey 

U20 

NC7SZ1  57 

SC-70-6 

TAPE 

1 

Digikey 

U22 

MAX809LEUR 

SOT-23-3 

TAPE 

1 

Digikey 

U24-U30,  U32- 
38 

BTS428L2INCT 

TO-252-2  (DPAK) 

TAPE 

14 

Digikey 

U31 

LM358DR 

8  SOIC 

TAPE 

1 

Digikey 

U39 

INA138NA 

SOT-23-5 

TAPE 

1 

Digikey 

U40 

L2720 

1  6-PowerDIP 

TUBE 

1 

Digikey 

Q1 

2N7002LT1  G 

SOT23 

TAPE 

1 

Digikey 

D1  -3 

SML-21  1  UTT86 

0805 

TAPE 

3 

Digikey 

D4 

1  N581  9HW-7-F 

SOD-123 

TAPE 

1 

Digikey 

D5-D1  9 

SS36 

DO-21  4AB 

TAPE 

1  5 

Digikey 

Y1 

HC49US4.000MABJ-UB 

HC49/US 

LOOSE 

1 

Digikey 

FI 

015401  .5DRT 

Surface  mount 

TAPE 

1 

Digikey 

Connectors 

J1 

2-5748003-0 

Tyco  Electronics  9  dsub 

Loose 

1 

Digkey 

J2 

747299-8 

15-pin  Receptacle  straight 

Loose 

1 

Digkey 

J3 

5747872-8 

15-pin  Plug  straight 

Loose 

1 

Digkey 

J5 

B6B-PH-K-S 

6-pin  JST  connector 

Loose 

1 

Digkey 

J4 

M80-4101042 

1  0-pin  Harwin  connector 

Loose 

1 

Newark 

J6-7 

M80-5003442 

34-pin  Harwin  connector 

Loose 

2 

Newark 

SAPM  Electronic  Support  Drawings 


The  following  drawings  are  provided  in  the  remaining  pages  of  this  appendix. 
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PWB  controller  board 
SAPM  CCA  mount 


0.  ASME  Y14.24  H.  IPC-2221 

B  ASMEY14.36  E  IPC4011  I.IPC-2222 

C.  BSR/ASMEY14.34  G.IPC4012  J.  ANSVIPC 

REFERENCESCHEMATIC  DRAWING  NUMBER  67602002  TOR  ELECTRICAL CONNEDTIVITY 
THIS  BOARD  IS  TYPE  3C.  PERFORMANCE  CLASS  2  (DEDICATED  SERVICE).  PRODUCIBILITY 
LEVa  C,  AS  DEFINED  IN  ACCORDANCE  WITH  IPC-2220  AND  IPC-6010  SERIES  STANDARDS 
MATERIAL  TO  BE  FR4  L21  METAL  CLAD  LAMINATES  AND  PREPREQ  IN  ACCORDANCE  WITH  THE 
IPC-4100  SERIES  DOCUMENTS.  FABRICATETHE  BOARDS  USING  THE  FOIL  WEIGHTS  SHOWN 
BELOW  AND  BALANCED  DISTRIBUTION  OF  DIELECTRIC  MATERIALS.  UNLESS  OTHERWISE 
INDICATED  A  MINIMUM  OF2  LAYERS  OF  GLASS  FABRIC  SHALL  BE  USED  BETWEEN  ALL 
CONDUCTIVE  LAYERS  AND  THE  MINMUM  DIELECTRIC  THICKNESS  SHALL  MEET  THE  HIGH  POT 
TESTING  REQUIRBMENTS  TO  WITH  STAND  500  VOLTS  FOR  30  SECONDS.  SEE  THE  STACK-UP 
DIAGRAM  FOR  NOMINAL  DIMENSIONS  ANDTOLERANCES 
OVERALL  BOARD  THICKNESS  SHALL  BE  0  062 110%. 


ALL  HOLE8I2E8  APPLY  AFTER  PLATING 

UNLESS  OTHERWISE  SPECIFIED  ALL  PLATED  HOLE  SIZES  SHALL  HOLD  A  TOLERANCE  OF 
10.003.  ALL  NON-PLATED  HOLE  SIZES  SHALL  HOLD  A  TOLERANCE  OF  10.005. 

ANNULAR  RING  TO  BE  0.002  MINIMUM  BREAKOUT  OF  DRILLED  HOLES  IS  UNACCEPTABLE. 
APPLY  SOLDER  MASK  OVER  BARE  COPPER  (SMOBC)  PER  IPC-SM-840  CLASS  H.  COLOR  TO  BE 
GREEN 


H  IS SPECIRED.lAg  PLATING  ISTO  CONFORMTO  IPC- 

4553 

REQUIREMENTS  FOR  THIN  PLATING. 

APPLY  LEGEND  USING  NON-CON DUCTIVE  PERMANENT  ORGANIC  INK  COLORTO  BE  WHITE 
MAXIMUM  WORKING  VOLTAGE  SHALL  BE46V0C. 

B  BARE  BOARDS  SHALL  BE  100%  ELECTRICALLY  TESTED  USING  THE8UPPLIEO IPC-D-3S6  NET 
UST. 

□  BARE  BOARD  TESTING  REQUIREMENTWAIVED 

B  MANUFACTURERS  LOGO.  DATE  CODE  AND  ULLOGO  MAY  BE  ADDED  TO  THIS  BOARD 
AT  THE  FABRICATORS  DISCRETION  AS  BTHER  LEGEND  OR  COPPER  FEATURE. 

□  MANUFACTURERS  LOGO.  DATE  CODE  AND  UL  LOGO  MAY  NOT  BE  ADDED  TO  THIS  BOARD 
El  NO  THIEVING  MAY  BE  ADDED  TO  THIS  DESIGN.  FABRICATOR  SHALL  USE  ONLY  AREAS 

OUTSIDE  OFTHE  BOARD  EDGE  ROUTING  TO  BALANCE  COPPER  DENSITY 

□  THIEVING  MAY  BE  ADDED  IN  THE  INDICATED  AREA  TO  COMPENSATE  FOR  LOWER 
DENSITY  AREAS  IN  THIS  DESIGN.  THIEVING  MUST  MEET  THE  FOLLOWING  SPACING 
REQUIREMENTS: 

A. )  NO  EXPOSED  THIEVING  IN  AREAS  WITH  RBUIOVEO  SOLDER  MASK  OR  INTERNAL 

COPPER  PLANE. 

B. )  THIEVING  SHALL  MAINTAIN  A  MINIMUM  CLEARANCE  OF  0.100  FROM  ALL 

COPPER  BOARD  FEATURES. 

C. )  THIEVING  SHALL  MAINTAIN  A  MINIMUM  CLEARANCE  OF  0.250  FROM  AU  BOARD 

EDGES.  NON-PLATED  MOUNTING  HOLES.  AND  FIDUCIALS. 

VIAS  TO  BE  MASK  RaiEVED  TO  DRILL  SIZE 

RECEIVING  INSPECTION  TO  CONFORMTO  IPC-A600  CLASS  2. 

Bthis  boardshallbesingulated  priorto  delivery. 

THIS  BOARD  SHALL  BE  DELIVERED  IN  PAN  ELIZED  ARRAYS  IN  ACCORDANCE  WITH  DRAWING 
NUMBER  57602003 
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Appendix  A3, 3 

Serial  Control  Interface  Document 


Serial  Communications  Interface  Overview 

The  CCA  serial  interface  is  setup  to  allow  the  central  computer  to  control  the  SAPM  module 
through  a  serial  port. 

Physical  Connections 

The  Central  Computer  will  have  communications  access  to  the  SAPM  CCA  through  a  standard 
DB-9  connector. 

Communications  Format 

All  communications  will  be  done  using  RS232  with  a  plain  text  ASCII  interface,  and  may  be 
accessed  through  any  terminal  program,  such  as  HyperTerminal. 

Baud  Rate:  9600 
Data  Bits:  8 
Parity:  None 
Stop  Bits:  1 
Flow  Control:  None 

SAPM  CCA  Command  Set 

Queiy  and  Command  Syntax 

The  command  structure  will  be  as  follows: 

<command>  <parameter><NULL> 

The  structure  required  for  a  query  is: 

<query>  ?<NULL> 


Response  Syntax 

The  query  and  command  response  will  done  with  through  an  acknowledge  or  error  command 
response.  This  will  be  done  with  the  ASCII  characters  ‘ACK’  or  ‘NAK,’  respectively  indicating 
a  successful  command  or  an  error  within  XXmS  of  receiving  query  or  command. 

Queiy  and  Command  Set 

System  Status  -  SSTAT 

The  system  status  query  returns  the  following  parameters  of  the  system  with  a  <CR>  after  each: 
temperatures,  pressure,  valve  position,  pump  status,  and  if  there  are  any  faults  in  the  system. 


Query:  SSTAT  ?<NULL> 
Query  Response: 

ACK 
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TEMPI  <value> 
PRESl  <value> 

PRES  2  <value> 
PRESS  <value> 
PRES4  <value> 
VALVl  <open/close> 


Sorbent  Heater  Temperature  3D  configuration  -  TEMPI 

The  TEMPI  command  sets  the  maximum  tenperature  of  the  3D  sorbent  heater.  The  query 
returns  the  temperature  setting  and  the  current  temperature  of  the  heater.  All  temperature  values 
wiU  be  in  degrees  Celsius  (°C). 

Query:  TEMPI  ?<NULL> 

Query  Response: 

ACK 

TEMPI  <value> 


Command:  TEMPI  <parameter>  <NULL> 
Command  Response:  ACK<CR> 


Manifold  Heater  Temperature  -  TEMP2 

The  TEMP2  command  can  be  used  to  set,  and  check  the  temperature  of  the  manifold  heater  as 
well  as  turn  it  on. 

Query:  TEMP2  ?<CR> 

Query  Response: 

ACK 

TEMP2  <value> 


Command:  TEMP2  <parameter>  <CR> 
Command  Response:  ACK<CR> 


Cell  Heater  Temperature  -  TEMP3 

The  TEMPS  command  sets  and  checks  the  temperature  of  the  cell.  Once  the  desired  temperature 
is  set  the  cell  can  then  be  turned  on. 

Query:  TEMPS  ?<CR> 

Query  Response: 

ACK 

TEMPS  <value> 
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TEMP4  <value> 
TEMPS  <value> 


Command:  TEMPS  <parameter>  <CR> 

Command  Response:  ACK<CR> 


Pressure  data  -  PRES 

Each  of  the  pressure  commands  returns  the  current  pressure  reading  of  the  respective 
MicroPirani.  PRES  returns  all  of  the  gauges  pressures  at  once.  Pressure  values  are  returned  in 
scientific  notation,  and  the  units  are  Torr. 

Query:  PRES  ?<CR> 

Query  Response:  ACK<CR> 

PRES  1  <value> 

PRES  2  <value> 

PRESS  <value> 

PRES  4  <value> 


Micropiranis  -  MKSl,  MKS2,  MKS3,  MKS4 

Direct  communication  to  the  four  Micropiranis  attached  to  the  system  is  possible  using  this 
command. 


Query:  MKSl  PR1?<CR> 

Query  Response:  ACK  <CR>  <response  from  Pirani> 

Command:  MKSl  ATMI7.60E+2  <CR> 

Command  Response:  ACK<CR>  <response  fromPirani> 

Temperature  data-  TEMP 

TEMP  returns  all  of  the  system  heaters  current  temperatures.  All  temperature  values  will  be  in 
degrees  Celsius  (°C). 

Query:  TEMP  ?<CR> 

Query  Response:  ACK<CR> 

TEMPI  <valve> 

TEMP2  <value> 

TEMPS  <value> 


Control  Valve  -  C  W2,  CVP2 

The  CVV,  CVP  commands  allow  the  user  to  slowly  leak  air  into  the  SAPM  system  and  the  cell 
for  a  specified  amount  of  time.  The  CVV  command  sets  the  desired  voltage  level  for  bleed  in. 
The  CVP  command  toggles  the  valve  on  and  off 
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Pulse  Control  Valve  -  PULSE 

The  PULSE  commands  opens  and  closes  the  control  valve  for  the  length  of  time  specified  in  the 
parameter.  Note:  The  parameter  increments  the  time  open  by  lOpsecs. 

Command:  PULSE  <parameter>  <CR> 

Command  Response:  ACK<CR> 


Valves  -  VALVl,  VALV2,  VALV3,  VALV4,  VALV5,  VALV6 

See  command  set  table. 

Pumps-  tPUMP,  dPUMP 

tPUMP  returns  the  status  of  the  turbo  pump:  ON,  OFF,  STDBY,  ERR.  dPUMP  returns  the  status 
of  the  diaphragm  pump:  ON,  OFF,  ERR. 

Command  Set  Summary 


Command 

Parameter 

Description 

SSTAT 

? 

Returns  the  status  of  the  system 

PRES 

7 

Returns  the  pressure  at  all  points  in  the  system 

MKSl 

MKS2 

MKS3 

MKS4 

PR17/ATM  !7 .60E+2/TEM 

Passes  commands  directly  to  the  micropirani 

TEMP 

7 

Returns  all  the  systems  heateis  current 
temperatures. 

TEMPI 

0-250/ON/OEE/? 

Returns  temperature  of  all  system  heaters. 

TEMP2 

0-30/ON/OEE/? 

Returns  the  temperature  of  the  Manifold  heater. 

TEMP3 

25-60/ON/OEE/? 

Returns  the  temperature  of  the  Cell  heater. 

CVV2 

0-24V 

Presets  the  voltage  to  be  applied  to  the  control 
valve. 

cyp2 

ON/OEE 

Turns  on  the  power  to  the  control  valve. 
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Command 

Parameter 

Description 

PULSE 

0-1000 

Turns  on  control  valve  for  a  specific  length  of 
time. 

VALVl 

ON/ OFF 

Returns  status  of  Inlet/SMM  valve,  OPEN  (on) 
/CLOSE  (close). 

VALV2 

ON/ OFF 

Returns  status  of  SMM/Diaphragm valve, 
OPEN  (on) /CLOSE (off). 

VALV3 

ON/ OFF 

Returns  the  status  of  Turbo/Diaphragm  valve, 
OPEN  (on)  /CLOSE (off). 

VALV4 

ON/ OFF 

Returns  the  status  of  the  Cell/Turbo  valve, 
OPEN  (on)  /CLOSE (off). 

VALV5 

ON/ OFF 

Returns  the  status  of  the  SMM/Turbo  valve, 
OPEN  (on)  /CLOSE (off). 

VALV6 

ON/ OFF 

Returns  the  status  of  the  SMM/CeU  valve, 
OPEN  (on)  /CLOSE (off). 

tPUMP 

ON/ OFF 

Returns  the  status  of  the  turbo  punp, 
ON/OEE/STDBY/ERR. 

dPUMP 

ON/ OFF 

Returns  the  status  of  the  diaphragm  punp, 
ON/OFF/ERR. 

126 


Appendix  A3. 4 

CCA  Specification  Document 


SCOPE 

Identification 

This  specification  provides  performance  requirements  for  the  SAPM  CCA,  a  module  in  the 
Mission  Adaptable  Chemical  Sensor  (MACS)  system. 

System  Overview 

The  Sample  Acquisition  and  Processing  Module  (SAPM),  is  responsible  for  sairple  collection 
and  transfer  to  THz  Spectrometer  for  spectral  interrogation.  The  SAPM  will  collect  air  samples 
and  separate  targeted  analytes  over  a  collection  cycle.  To  separate  the  analyte  from  atmospheric 
constituents,  the  analyte  is  first  absorbed  onto  sorbent.  The  SAPM  then  evacuates  atmospheric 
gases  through  a  two-stage  pump  system.  The  sorbent  is  then  heated  to  release  the  analyte,  which 
is  then  transferred  through  the  SAPM  into  the  THz  Spectrometer.  The  SAPM  module  is  also 
responsible  for  heating  the  THz  cell. 

CCA  Requirements 

The  SAPM  system  consists  of  mechanical  and  electrical  components  that  each  have  different 
power  and  communications  aspects,  which  will  be  addressed  by  the  CCA.  This  section  is  a  brief 
summary  of  the  major  coirponents  that  shall  be  controlled  by  the  CCA,  as  well  as  a  descr^tion 
of  what  the  CCA  shall  accomplish  with  each. 

Sensors 

Micro  pirani  905 

The  Micropirani  905  sensor  kit  will  be  replacing  the  Micropirani  925C  sensor  in  the  deliverable 
system  It  has  the  benefit  of  being  more  compact  than  its  predecessor,  reducing  space,  gas 
volume,  and  leakage.  Its  typical  measuring  accuracy  is  ±5%  of  the  reading  at  10’^  to  100  Torr. 
The  905  will  communicate  with  the  CCA  through  a  RS232  connection  in  ASCII  format.  The 
905  supports  2400,  4800,  9600,  and  19200  baud  rates.  The  RS232  data  format  is  8  data  bits,  no 
parity,  and  one  stop  bit.  Post  processing  on  the  data  will  be  done  at  the  CCA  level  to  account  for 
the  temperature  drift  of  the  pressure  reading.  Further  tests  of  the  gauge’s  sensitivity  to 
temperature  wiU  be  performed  to  generate  an  accurate  pressure  vs.  temperature  curve  for  the 
sensor.  In  addition  to  communication,  the  CCA  will  also  control  power  to  the  905  through  screw 
terminals,  located  on  the  evaluation  board  of  the  sensor.  The  905  has  an  operating  power  range 
of  9  to  30V  @  50  to  18mA . 


722A  Baratron 

The  MKS  type  722A  Baratron  will  be  added  onto  the  THz  for  a  consistently  reliable  pressure 
measurement.  The  CCA  of  the  deliverable  system  will  provide  power  to  the  722 A  baratron,  24  V 
@  10mA.  The  722A  signal  output  will  be  from  0-5  VDC  and  converted  to  digital  signalby  the 
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CCA.  The  CCA  will  then  output  the  corresponding  pressure  in  Torrs  of  the  received  722A  output 
signal 

TSI  Flowmeter 

The  CCA  of  the  deliverable  system  will  support  the  TSI  flowmeter  though  it  is  not  expected  to 
be  incorporated.  The  flowmeter  requires  7.5  VDC  +  20%,  with  300mA  maximum.  It  can  be 
powered  through  its  8  pin  mini- DIN  connector  or  an  external  power  jack.  Possible  measurement 
options  of  the  flowmeter  that  will  be  utilized  are  flowrate,  temperature  (flowrate  must  be  >1  Std 
L/min),  pressure,  and  volume.  The  flowmeter  will  use  RS232  for  serial  communication  with  a  set 
baud  rate  of  38400,  8  data  bits,  no  parity,  and  one  stop  bit.  The  command  set  for  the  flowmeter  is 
set  up  to  allow  the  programmer  to  choose  the  data  format  for  each  command:  ASCII,  binary,  and 
ASCn  followed  by  CR  and  LF. 

Thermocouples 

K-type  thermocouples  will  be  located  in  order  to  monitor  each  of  the  heaters  in  the  system  and 
the  four  Micropirani  905s.  The  K-type  thermocouples  provide  a  large  temperature  range  of:  - 
200°C  to  1200°C.  Signal  conditioning  will  be  required  prior  to  the  analog  to  digital  converter 
that  will  be  used  to  convert  the  generated  voltage  to  digital  Additionally,  cold  junction 
condensation  will  be  performed  in  the  CCA. 

Pumps 

Diaphragm  Pump  (Pfeiffer  M VP006-4) 

The  CCA  will  only  need  to  control  the  power  to  the  diaphragm  pump.  The  diaphragm  punp 
requires  24V  +  10%  @0.9  A.  When  operating  alone  the  diaphragm  punp  can  be  switched  on  and 
off  at  any  time.  However,  when  operating  in  conjunction  with  the  turbo  pump,  the  diaphragm 
punp  should  not  be  turned  off  while  the  turbo  pump  is  running.  This  will  need  to  be  enforced 
through  software. 

Turbo  Pump  (Pfeiffer  TPD  Oil) 

The  CCA  will  control  power  to  the  turbo  pump.  The  turbo  pump  requires  24V  +  5%  @0.9A.  The 
CCA  will  also  control  the  optional  Standby  feature  on  the  turbo  pump.  The  standby  feature 
adjusts  the  rotation  of  the  pump  to  66%  of  its  nominal  rotation  speed,  allowing  the  system  to 
save  power.  Safety  measures  will  be  implemented  in  software  for  safe  start  up  and  shut  down  of 
the  punp- 

Valve  and  Heaters 

Control  Valve  (Pfeiffer  RME  005) 

The  control  valve  opens  and  closes  as  a  function  of  voltage,  allowing  the  operator  to  bleed  air 
into  the  system.  The  CCA  will  be  required  to  manipulate  the  system  voltage  to  open  the  valve  to 
the  desired  degree.  The  control  valve  comes  with  a  gas  flow  vs.  control  voltage  curve.  This  curve 
will  be  implemented  to  allow  the  user  to  have  range  of  gas  flow  values  to  select  from,  which  will 
then  be  converted  by  the  CCA  to  the  corresponding  voltage.  The  control  valves  operating  in  the 
following  voltage  range:  7  to  24VDC  @  0.32  to  0.12A. 
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Manifold  Valves  (CKD  GFVB55  &  CKD  GFVB25) 

These  valves  require  24VDC  @0.34,  and  0.17A.  The  CCA  will  allow  the  user  to  select  either 
manual  or  automatic  control  of  the  valves. 

Heaters 

The  CCA  will  be  used  to  control  various  heaters  throughout  the  system.  These  heaters  will  be 
required  to  heat  the  manifold,  critical  tubing,  cell,  and  the  sorbent.  The  manifold,  tubing,  and  cell 
heaters  wiU  be  created  to  design  by  MENCO.  Instead  of  controlhng  aU  the  heaters  using 
proportional  or  relay  controllers,  most  of  the  heaters  will  receive  a  pulse-width  modulated 
voltage  signal;  to  decrease  the  waste  of  power  to  heat  that  would  be  dissipated  with  proportional 
control  The  system  will  be  designed  to  support  both  a  3D  heater  (sorbent  tube  heater)  and  a  2D 
heater.  The  3D  heater  will  be  controlled  through  a  pulse-width  modulated  voltage  signal.  The  2D 
heater  however,  wiU  be  controlled  through  a  variable  voltage  source  that  wiU  allow  for  greater 
control  of  its  maximum  temperature. 


Stepper  Motor 

R208  Microsteppii^  Driver 

The  stepper  motor  on  the  THz  cell  will  be  controlled  by  the  CCA  through  the  use  of  RMS 
Technologies’  R208  Microstepping  Driver.  The  CCA  will  provide  24V  @  2A,  as  well  as  5  V  @ 
10mA  for  the  R208.  The  CCA  will  provide  control  signals  to  the  microstepping  driver,  this 
includes:  an  enable/disable  signal,  a  direction  of  rotation  signal,  and  a  clock  signal  The  default 
settings  of  the  R208  will  be:  disable,  counterclockwise  rotation,  and  a  digital  output  for  the  clock 
signal 

CCA 

General 

The  CCA  will  be  provided  24VDC  +5%  @  12A,  and  most  components  will  operate  at  24VDC  to 
reduce  power  losses  due  to  conversion.  Components  needing  voltages  other  than  24VDC  are  the 
proportional  control  valve  which  requires  0-24VDC,  the  2D  heater  which  requires  0-24V,  and 
the  TSI  flow  meter  which  requires  7.5VDC.  Digital  I/Os  will  be  used  to  controlthe  manifold 
valves,  inline  valves,  and  pumps.  Analog  to  digital  converter  inputs  will  be  used  to  monitor  the 
temperature,  voltage,  pressure  (722A),  and  current  at  critical  points  within  the  system. 
Communications  with  the  Central  Computer  will  be  through  a  RS232  serial  connection  and  will 
use  plain  text  ASCII  communications.  RS232  connections  will  also  be  used  to  conduct  all 
communications  internally  to  the  S  ARM,  specifically  to  program  and  receive  data  from  the 
Micropirani  905  transducer,  and  the  TSI  flowmeter,  for  communication  with  mainCC,  and 
debugging.  In  addition,  a  trigger  in  and  trigger  out  will  be  included  into  the  S  ARM  CCA  to  allow 
for  easy  future  integration  of  timing  elements.  The  flow  diagram  below  shows  the  basic  outline 
for  the  needed  input  and  outputs  capabilities  of  the  CCA. 
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Figure  3-1:  CCA  Block  Diagram 


CCA  Microcontroller 

The  SAPM  CCA  will  use  a  Freescale  Semiconductor  MC9S12XDP512,  16-bit  microcontroller. 

General  Characteristics 

16-Bit  CPU12X 
Supply  voltage  3.15V  to  5.5V 
512K  Byte  Flash 
20K  Byte  RAM 
4K  EEPROM 
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XGATE  peripheral  co-processor 
12MHz  Bus  frequency 
Tenperature  -40°C  to  125°C 

Peripherals 

6  SCI  modules 

3  SPI  modules 

8  channel  x  8-bit  or  4  channel  x  16-bit  PWM 
24  channel  ATD 
119  I/O  ports 

4  channel  Periodic  Interrupt  Timer  (PIT) 

Eight  16-bit  channels  Enhanced  Capture  Timer  (ECT) 


CCA  Connections 

Connection  to  the  Central  Computer 


CCA  Power  Connector 


Connecto 

rName 

Designatio 

n 

Manufactur 

er 

Part 

Number 

Number  of  Positions 

90° 

J3 

Amphenol 

FCE17- 

A15PE-240 

15 

PIN 

J3-1 

24V 

Power  supphed  fromCC 

J3-2 

24V 

Power  supplied  fromCC 

J3-3 

24V 

Power  supphed  fromCC 

J3-4 

24V 

Power  supplied  fromCC 

J3-5 

24V 

Power  supphed  fromCC 

J3-6 

24V 

Power  supphed  fromCC 

J3-7 

24V 

Power  supphed  fromCC 

J3-8 

24V 

Power  supphed  fromCC 

J3-9 

GND 

Ground  supphed  fromCC 

J3-10 

GND 

Ground  supphed  fromCC 

J3-11 

GND 

Ground  supphed  fromCC 

J3-12 

GND 

Ground  supphed  fromCC 

J3-13 

GND 

Ground  supphed  from  CC 

J3-14 

GND 

Ground  supphed  fromCC 

J3-15 

GND 

Ground  supphed  fromCC 
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CCA  Control  Connector 


Connecto 

rName 

Designatio 

n 

Manufactur 

er 

Part  Number 

Number  of 
Positions 

Straight 

CCA 

Control 

J4 

HARWIN 

M80-4101042 

10 

PIN 

SIGNAL 

DESCRIPTION 

J4-1 

TRIGGER 

OUT 

CCA  Trigger  out  to  CC 

J4-2 

TRIGGER 

IN 

CCA  Trigger  in  to  CC 

J4-3 

CC_TXD 

CCA  RS232  transmit  pin 

J4-4 

CC_RXD 

CCA  RS232  receive  pin 

J4-5 

COM 

CCA  RS232  signal  ground  pin 

J4-6 

NC 

J4-7 

NC 

J4-8 

NC 

J4-9 

NC 

J4-10 

NC 

Connection  from  CCA  to  SAPM  System  Components 


Debug  Connector 

Table  4.2.1-2:  Debug  Connector 


Connector 

Part  Number 

Number  of 

Name 

Designation 

Manufacturer 

Straight 

Positions 

Debug 

Connector 

J5 

JST 

B6B-PH-K-S 

6 

PIN 

SIGNAL 

DESCRIPTION 

J5-1 

DEBUG_SEL 

CCA  -  Microprocessor  Debug  Mode  Select  pin 

J5-2 

debug_tx:d 

CCA  -  Microprocessor  Debug  RS232  TXD  pin 

J5-3 

DEBUG_RXD 

CCA  -  Microprocessor  Debug  RS232  RXD  pin 

J5-4 

DEBUG_COM 

CCA  -  Microprocessor  Debug  RS232  digital  ground 
pin 

J5-5 

BKGD 

CCA  -  Microprocessor  Background  Debug  pin 

J5-6 

RESET 

CCA  -  Microprocessor  Reset  pin 
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Pumps  Power  Connector 


Connector 

Name 

Puirp 

Power 

Connector 


»IN 

6-1 

6-2 

6-3 

6-4 

6-5 

6-6 

6-7 

6-8 

6-9 

6-10 

6-11 

6-12 

6-13 

6-14 

J6-15 

J6-16 

J6-17 

J6-18 

J6-19 

J6-20 

J6-21 

J6-22 

J6-23 

J6-24 

J6-25 

J6-26 

J6-27 

J6-28 

J6-29 

J6-30 

J6-31 

J6-32 

J6-33 

J6-34 


Designation  Manufacturer 


Part  Number 
Straight 


Number  of 
Positions 


J6 


SIGNAL 

A1 

A2 

NC 

lOCl 

IOC2 

IOC3 

NC 

NC 

NC 

NC 

NC 

NC 

COM_TXD 

COM_RXD 

COM_GND 

NC 

NC 

NC 

V1_PWR 

V1_GND 

P1_PWR 

P1_GND 

V2_PWR 

V2_GND 

P2_STDBY 

NC 

H1_PWR 

H1_GND 

P2_PWR 

P2_GND 

NC 

NC 

NC 

NC 


HARWIN  I  M80-5003442 


_ DESCRIPTION 

CCA  -  Extra  Analog  output _ 

CCA  -  Extra  Analog  output _ 

Not  Connected _ 

CCA  -  Extra  I/O 
CCA -Extra  I/O 

CCA  -  Extra  I/O _ 

Not  Connected 
Not  Connected 

Not  Connected _ 

Not  Connected _ 

Not  Connected 
Not  Connected 

CCA  -  Extra  RS232  transmit _ 

CCA  -  Extra  RS232  receive _ 

CCA  -  Extra  RS232  GND 

Not  Connected _ 

Not  Connected  CCA  -  Extra  Analog  output 

Not  Connected 

CCA  -  24V  to  VI  valve 

CCA  -  GND  to  VI  valve _ 

CCA  -  24V  to  Diaphragm  pump _ 

CCA  -  GND  to  Diaphragm  pump 
CCA  -  24V  to  V2  valve 

CCA  -  GND  to  V2  valve _ 

CCA  -  24V  to  Turbo  pump  standby  pin 
Not  Connected 

CCA  -  24V  tube  heater _ 

CCA  -  GND  to  tube  heater _ 

CCA  -  24V  to  Turbo  pump _ 

CCA  -  GND  to  Turbo  pump 

Not  Connected _ 

Not  Connected _ 

Not  Connected 
Not  Connected 
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Manifold  Power  Connector 


Connector 

Part  Number 

Number  of 

Name 

Designation 

Manufacturer 

Straight 

Positions 

Manifold 

Power 

Connector 

J7 

HARWIN 

M80-5003442 

34 

PIN 

SIGNAL 

DESCRIPTION 

J7-1 

M_E/D 

CCA  -  Microstep  motor  enable/disable 

J7-2 

M_DIR 

CCA  -  Microstep  motor  direction  choice 

J7-3 

M_CLK 

CCA  -  Clock  to  Microstep  motor 

J7-4 

NC 

Not  Connected 

J7-5 

NC 

Not  Connected 

J7-6 

R208_GND 

CCA  GND  to  Microstepper 

J7-7 

R208_5V 

CCA  5V  to  Microstepper 

J7-8 

R208_24V 

CCA  24V  to  Microstepper 

J7-9 

NC 

Not  Connected 

J7-10 

NC 

Not  Connected 

J7-11 

B_H 

Baratron  analog  input  high 

J7-12 

B_L 

Baratron  analog  input  low 

J7-13 

NC 

Not  Connected 

J7-14 

NC 

Not  Connected 

J7-15 

CV1_PWR 

CCA  Variable  voltage  to  Control  Valve  1 

J7-16 

CV1_GND 

CCA  GND  to  Control  Valve  1 

J7-17 

CV2_PWR 

CCA  Variable  voltage  to  Control  Valve  2 

J7-18 

CV2_GND 

CCA  GND  to  Control  Valve  2 

J7-19 

2D_PWR 

CCA  -  variable  voltage  to  2D  heater 

J7-20 

2D_GND 

CCA -GND  to  2D  heater 

J7-21 

B_PWR 

CCA  24V  to  Baratron 

J7-22 

B_GND 

CCA  GND  to  Baratron 

J7-23 

V6_PWR 

CCA  24V  to  V6 

J7-24 

V6_GND 

CCA  GND  to  V6 

J7-25 

H2_PWR 

CCA  24V  to  Manifold  heater 

J7-26 

H2_GND 

CCA  GND  to  Manifold  heater 

J7-27 

V5_PWR 

CCA  24V  to  V5 

J7-28 

V5_GND 

CCA  GND  to  V5 

J7-29 

V4_PWR 

CCA  24V  to  V4 

J7-30 

V4_GND 

CCA  GND  to  V4 

J7-31 

V3_PWR 

CCA  24V  to  V3 

J7-32 

V3_GND 

CCA  GND  to  V3 

J7-33 

H4_PWR 

CCA  24V  to  3D  heater 

J7-34 

H4_GND 

CCA  GND  to  3D  heater 
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Thermocouple  Connectors 
Table  4.2.2-1:  Therml  Connector 


Connector 

Name 

Designation 

Manufacturer 

Part  Number 

Number  of 
Positions 

90° 

Therml 

J1 

Halting 

09-64-122-7210 

9 

PIN 

SIGNAL 

DESCRIPTION 

Jl-1 

Jl-2 

Jl-3 

Jl-4 

Jl-5 

Jl-6 

Jl-7 

Jl-8 

Jl-9 

TC8-Y 

TC8-R 

TC9-Y 

TC9-R 

TCIO-Y 

TCIO-R 

H3_PWR 

H3_GND 

NC 

Thermocouple  8  -  Chromel 

Thermocouple  8  -  Alumel 

Thermocouple  9  -  Chromel 

Thermocouple  9  -  Alumel 

Thermocouple  10  -  Chromel 

Thermocouple  10  -  Alumel 

CeU  Heater  Power 

Cell  Heater  Ground 

Not  Connected 

Table  4.2.3-2:  Therml  Connector 


Connector 

Name 


Designation 


Manufacturer 


Part  Number 


Straight 


Number  of 
Positions 


Therm2 


J2 


Amphenol 


FCE17A15PA- 

410 


15 


PIN 


SIGNAL 


DESCRIPTION 


J2-1 

TCl-Y 

Thermocouple  1  -  Chromel 

J2-2 

TCl-R 

Thermocouple  1  -  Alumel 

J2-3 

TC2-Y 

Thermocouple  2  -  Chromel 

J2-4 

TC2-R 

Thermocouple  2  -  Alumel 

J2-5 

TC3-Y 

Thermocouple  3  -  Chromel 

J2-6 

TC3-R 

Thermocouple  3  -  Alumel 

J2-7 

TC4-Y 

Thermocouple  4  -  Chromel 

J2-8 

TC4-R 

Thermocouple  4  -  Alumel 

J2-9 

TC5-Y 

Thermocouple  5  -  Chromel 

J2-10 

TC5-R 

Thermocouple  5  -  Alumel 

J2-11 

TC6-Y 

Thermocouple  6  -  Chromel 

J2-12 

TC6-R 

Thermocouple  6  -  Alumel 

J2-13 

TC7-Y 

Thermocouple  7  -  Chromel 

J2-14 

TC7-R 

Thermocouple  -  Alumel 

J2-15 

NC 

Not  Connected 
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Power 


The  SAPM  system  peak  and  continuous  power  consumptions  are  shown  in 
Table  5-1  The  CCA  will  use  the  supphed  24VDC  ±5%  @  12A,  to  meet  the  peak  and  continuous 
power  demands  of  the  system  The  peak  power  demonstrates  the  effect  of  transient  current  on  the 
system  through  the  opening  and  closing  of  valves. 


Table  5-1:  SAPM  Power  Consumption 


Component 

Quantit 

y 

Voltage 

Current 

Total  Component 
Power 

Max 

Min 

Peak 

Cont. 

Peak 

Cont. 

RME005 

1 

24 

1 

0.32 

0.12 

7.68 

2.88 

GFVB55 

3 

24 

0.52 

0.34 

37.44 

24.48 

GFVB25 

3 

24 

1.26 

0.17 

90.72 

12.24 

Pfeiffer  MVP 
006-4 

1 

24 

1.76 

0.74 

42.24 

17.76 

Pfeiffer 

TPDOll 

1 

24 

1.8 

0.74 

43.2 

17.76 

MINCO  Heater, 
sorbent 

1 

24 

3 

2.11 

72 

50.64 

Flowmeter 

1 

9 

6 

0.3 

2.7 

1.8 

905  Micropirani 

4 

24 

10 

0.018 

1.728 

1.728 

722 A  Baratron 

1 

24 

13 

0.01 

0.24 

0.24 

Heater  Rope, 

Cell 

1 

24 

III 

1.5 

1.15 

36 

27.6 

Minco  heater, 
manifold 

1 

24 

7.5 

0.18 

180 

4.32 

CCA  Board 

1 

24 

1.14 

27.36 

27.36 

R208 

Microstepping 

Driver 

1 

24 

2 

48 

48 

Total  System 
Power 

589.308 

236.808 
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Bake-out  Mode 

The  CCA  will  have  a  Bake-Out  Mode,  which  will  purge  the  SAPM  module  of  sticky  or  low 
volatility  analytes.  This  mode  will  bring  the  SAPM  module  down  to  a  vacuum  of  XX  Torr  while 
heating  it  at  40-50°C  for  XX  hours. 

Environmental 

TBD 
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Appendix  A3, 5 

SMM  Mechanical  Drawings 

The  following  drawings  are  provided  in  the  remaining  pages  of  this  appendix. 

•  3D  sorbent  tube 

•  2D  sorbent  disk  housing  (4  pages) 
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Appendix  A  3.6 

Sorbent  Testing  Analysis  Results 

Sorption/Desorption  Efficiencies  (Percent  Recoveries)  for  Different  Sorbent  Target  Analyte 
Combinations 

Data  are  blank-corrected  for  native  contributions  from  the  background.  For  each  analyte,  air 
blank  and  sorbent  tube  blank  were  analyzed  prior  to  the  sample  analyte.  The  air  blank  was  a 
conditioned  sorbent  tube  that  had  not  sampled  a  air  with  out  the  target  analyte  present  while  the 
sorbent  tube  blank  was  the  same  sorbent  tube  except  it  had  process  ~10  L  of  blank  air. 


■g 

§ 

A 

1 

u 

Pump  Out  Temperature 

(C) 

Percent  Recovery 

Carboxen-569 

Carboxen-1000 

Carboxen-1001 

Carboxen-1002 

Carboxen-1003 

Carboxen-1016 

Carboxen-1018 

Carbosieve-SIII 

Carbosieve-G 

Carbotrap  C 

Carbotrap  F 

GasPro  PLOT 

Alumin  GS  PLOT 

25 

93 

213 

Acetone 

50 

99 

232 

100 

68 

225 

25 

79 

0 

99 

58 

0 

0 

0 

0 

Acetonitrile 

50 

89 

0 

NA 

NA 

0 

0 

100 

53 

NA 

86 

NA 

0 

0 

25 

63 

91 

93 

40 

Acrylonitrile 

50 

69 

91 

88 

65 

100 

58 

71 

64 

70 

25 

Bromomethane 

50 

100 

25 

46 

0 

Chloroacetone 

50 

42 

0 

100 

44 

0 

25 

57 

Chlorobenzene 

50 

93 

100 

76 

25 

55 

Chlorodibromethane 
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Appendix  A5.1 

FMS  Commands 


Command 

Value 

Function 

FREQ.START= 

210e9- 

270e9 

Assign  Sweep  Start  Erequency 

Returns  EREQ.START=<Start  Erequency > 

FREQ.  START? 

— 

Query  Current  Start  Erequency 

Returns  EREQ.START=<Start  Erequency> 

FREQ.STOP= 

210e9- 

270e9 

Assign  Sweep  Stop  Erequency 

Returns  EREQ.START=<End  Erequency > 

FREQ.  ST  OP? 

— 

Query  Current  Stop  Erequency 

Returns  EREQ.START=<End  Erequency > 

FREQ.SLOPE= 

20.4e6- 

1.306e9 

Assign  Sweep  Slope. 

Slope  is  rounded  to  closest  valid  value. 

Valid  values  are 

2^^  *  (20.4e6),  N  =  1,2,4,8,16,32,64 

Returns  EREQ.SLOPE=<Slope> 

FREQ.  SLOPE? 

“ 

Query  Current  Sweep  Slope 

Returns  EREQ.SLOPE=<Slope> 

FREQ.M  ODULATION.M  ODE= 

0-2 

Sets  Modulation  Mode. 

0  =  No  modulation 

1  =  Eirst  Derivative  Modulation 

2  =  Second  Derivative  Modulation 

Returns  EREQ.MODUALTION.MODE=<niode> 

FREQ.M  ODULATION.M  ODE? 

— 

Query  Current  Modulation  Mode 

Returns  EREQ.MODUALTION.MODE=<niode> 

FREQ.M  ODULATION.FREQUENC  Y= 

500- 

lOOeS 

Assign  Modulation  Rate  in  Hz 

Returns  EREQ.M  ODUA LTION.EREQUENC Y=<rate> 

FREQ.M  ODULATION.FREQUENC  Y? 

— 

Query  Current  Modulation  Rate 

Returns  EREQ.M  ODUA  LTION.EREQUENC  Y=<rate> 

FREQ.M  ODULATION.AMPLITUDE= 

0-  9.6e6 

Assign  Modulation  Depth  in  Hz 

Returns  EREQ.M  ODULATION.AMPLITUDE=<depth> 

FREQ.M  ODULATION.AMPLITUDE? 

“ 

Query  Current  Modulation  Depth 

Returns  EREQ.M  ODULATION.AMPLITUDE=<depth> 

FREQ? 

— 

Query  All  Current  EREQ  settings. 

Identical  to  issuing  aU  query  commands  listed  above. 

SWEEP.  REPEAT^ 

-1, 

1-  65535 

Set  Number  of  Times  a  sweep  should  repeat. 

-1  =  Repeat  until  SWEEP.STOP  command  issued. 

1  -  65535  =  Execute  a  total  of  1  -  65535  times. 

Returns  SWEEP. REPEAT  =<Number> 

SWEEP.START 

Begin  Execution  of  Programmed  Sweep 

Returns  SWEEP.START=1  if  successful, 
SWEEP.START=0  if  sweep  is  invalid  or  another  sweep 
in  progres  s . 

SWEEP.STOP 

— 

Stop  Current  Sweep  Execution. 

Returns  SWEEP.STOP=l 

EPGA.DATA.START 

Begin  Programming  EPGA  Image 

Returns  EPGA.DATA.START^l 

Accepts  a  binary  image  for  the  EPGA  from  this  point 
forward.  Exit  this  mode  by  sending  an  end  of  line  <CR> 

EPGA.DATA.DONE? 

Returns  EPGA.DATA.DONfeO  if  EPGA  not 
programmed 

Returns  EPGA.DATA.DONE  1  if  EPGA  is 
programmed. 
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Appendix  A5. 2 

Advanced  FMS  Design  and  Test 


A5.2.1  Introduction: 

As  stated  in  the  MACS  Phase  I  report  submitted  in  July  2008:  The  Frequency  Management 
System  (FMS)  is  one  of  the  key  technologies  of  the  MACS  system.  The  main  objectives  of  the 
FMS  are: 

•  Provide  LO  and  RF  signals  to  the  THz  module,  which  are  then  multiplied  up  in  frequency 
by  24  and  used  for  the  spectroscopy 

•  Provide  precise  frequency  knowledge  of  the  current  THz  output  frequency  to  the  MACS 
system  for  both  frequency  output  control  (in  order  to  perform  the  spectroscopy  we  need 
precise  frequency  knowledge  to  within  100  kHz  at  300  GHz  system  operation)  and  in  the 
data  recovery 

•  Perform  frequency  sweeps  across  bands  of  interest  -  different  chemical  species  exhibit 
different  absorption  characteristics  versus  frequency;  The  MACS  system  selects  key 
frequency  bands  where  these  differences  are  most  pronounced. 

•  Perform  data  processing  on  the  received  power  spectrum  input  from  the  THz  module, 
including  aU  filtering,  averaging,  derivatives,  and  data  formatting. 

A5.2.2  Requirements  Update: 

In  Phase  I  of  the  MACS  program,  rotational  spectroscopy  was  performed  in  the  frequenc  y  band 
210-270  GHz.  The  FMS  produced  a  “base”  frequency  in  the  range  of 8.75-1 1.25GHz  which  was 
multiplied  up  by  a  factor  of  24  in  the  THz  module  to  produce  the  210-270GHz  signals  used  to 
excite  the  samples  to  be  analyzed. 

Additional  information  can  be  obtained  by  expanding  the  frequency  range  in  which  the 
spectroscopy  is  being  performed.  One  frequency  range  of  interest  is  the  540-660GHz  range. 
This  requires  a  base  frequency  of  11.25-13.75GHz  and  an  additional  2x  multiplier  stage  in  the 
THz  module  for  a  total  multiplication  factor  of  48.  The  FMS  requirements  have  been  expanded 
to  include  producing  this  frequency  range. 

A5.2.3  Architecture  Update: 

The  primary  system  concerns  (apart  from  the  functionality  listed  above)  were  size,  power,  and 
then  ability  to  lock  to  a  given  frequency  quickly  and  to  perform  sweeps. 

As  discussed  in  section  5,  the  initial  architecture  for  the  MACS  FMS  would  be  overly  complex 
to  handle  the  new  system  requirements  without  severely  compromising  the  system  concerns 
mentioned  above.  Thus  we  have  modified  the  FMS  RF  architecture,  which  may  increase  parts 
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cost,  but  will  reduce  size,  power,  and  system  complexity,  as  well  as  produce  a  more  accurate 
“base”  frequency,  one  that  will  be  more  immune  to  temperature  changes,  system  noise  (magnetic 
fields),  and  meehanical  stress  sueh  as  vibration.  A  further  shorteoming  of  the  first  architeeture 
was  the  variation  of  the  output  power  over  the  frequency  band;  we  aim  to  address  this  issue  as 
well  with  the  new  arehiteeture. 

A  preliminary  block  diagram  of  the  new  transmit  architecture  is  shown  below. 

Preliminary  FMS  II  Block  Diagram  Rev  1.4 


5.  3.3V 


A5.2.3.1  Permanent  Magnet  YIG: 

One  of  the  improvements  we  have  been  investigating  is  the  use  of  a  permanent  magnet  YIG- 
tuned  oscillator.  In  a  YIG-tuned  oscillator,  current  running  through  a  tuning  cod  produces  a 
magnetic  field  which  controls  the  rate  of  oscdlation.  More  current  running  through  the  tuning 
eoil  produees  a  larger  magnetie  field  and  inereases  the  rate  of  oscillation.  A  permanent  magnet 
YIG-tuned  osciUator,  however,  has  a  permanent  magnetic  field  setting  a  baseline  oscdlation 
frequency.  This  reduces  the  amount  of  current  needed  to  drive  the  YIG  and  aehieves  substantial 
power  savings  over  a  standard  YIG. 

To  illustrate  the  potential  power  savings  of  this  change  to  the  system,  the  currently  selected 
Micro  Lambda  YIG  oscillator  specifies  a  current-to- frequency  sensitivity  of  18MHz/mA,  and  a 
cod  resistance  of  8  ohms.  To  achieve  an  output  frequency  of  13.75GHz,  the  input  current  to  the 
tuning  eoil  would  be  13.75GHz/18MHz/mA  =  -764 mA,  eonsuming  4.7  watts  of  power.  The 
lowest  power  solution  is  a  permanent  magnet  YIG  with  a  base  frequency  at  I  I.25GHz,  the  center 
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of  the  required  8.75GHz  to  13.75GHz  range.  To  affect  an  output  frequency  change  of  2.5GHz, 
the  input  current  to  the  tuning  coil  needs  to  be  2.5GHz/18MHz/mA  =  ~  139mA,  consuming  0.15 
watts  of  power.  This  is  a  30x  power  reduction,  and  removing  this  thermal  load  also  greatly 
reduces  the  heat  dissipation  requirements  for  the  FMS  module. 

In  our  initial  research.  Micro  Lambda  Corporation  informed  us  that  a  permanent  magnet  YIG 
with  more  than  +/-  2GHz  of  tuning  would  be  difficult  to  achieve.  An  alternative  vendor, 
OmniYIG  Corporation,  has  offered  to  produce  a  permanent  magnet  YIG  with  the  magnetic  field 
set  to  the  lowest  system  frequency  (8.75 GHz)  with  a  5GHz  tuning  option,  but  this  is  sub-optimal 
in  terms  of  power  savings.  We  plan  to  continue  our  investigation  for  other  vendors  and  consult 
further  on  this  matter  with  Micro  Lambda  to  see  if  there  are  other  YIG  specifications  that  can  be 
relaxed  in  order  to  produce  a  +!-  2.5GHz  tuning  range. 

A5.2.3.2  Change  from  Frequency  Locked  Loop  to  Phase  Locked  Loop: 

A  major  architecture  change  is  in  the  frequency  generation  scheme.  As  proposed  by  Dr.  Richard 
Eden  in  section  5.3  of  the  July  2008  report,  we  are  moving  from  a  frequency- locked  loop  (FLL) 
system  to  a  phase- locked  loop  (PLL)  system.  In  this  phase- locked  loop  system,  the  YIG  output 
is  divided  down  (by  32  in  our  current  design)  to  compare  with  a  reference  oscillator  whose 
frequency  is  known;  the  difference  in  phases  of  the  two  signals  produces  an  error  voltage  that  is 
used  to  correct  the  YIG  output  frequency.  The  advantages  are  that  the  PLL  gives  nearly  instant 
(tens  of  ns)  feedback  and  frequency  knowledge  whereas  the  FLL  gave  a  delayed  feedback  and 
only  averaged  information  (over  L53ms  for  MACS  I),  thus  it  was  less  accurate  in  its  frequency 
knowledge. 

Dr.  Richard  Eden  in  section  5.3  of  the  July  2008  report  further  discusses  the  use  and  benefits  of 
direct  digital  synthesis  (DDS)  technology.  The  DDS  chip  takes  as  its  input  a  stable  reference 
oscillator  (one  with  low  frequency  drift  and  low  phase  noise)  and  produces  different  frequency 
outputs  based  on  its  internal  accumulator  settings.  The  DDS  output  is  used  as  the  reference 
frequency  for  the  PLL.  Because  the  DDS  output  frequency  can  be  changed  quickly  (through  a 
software  change  of  the  accumulator  setting),  we  can  perform  quick  and  accurate  frequency 
sweeps.  Under  software  control,  the  DDS  chip  can  ramp  up  the  PLL  reference  frequency, 
causing  the  YIG  output  frequency  to  ramp  as  well.  The  DDS  chp  can  also  perform  the 
frequency  modulation  required  to  analyze  the  U*  and  2"‘*  derivatives  of  the  power  spectrum. 
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A5.2.3.3  Simplification  of  the  FMS  Architecture  and  Ease  of  Testability: 


The  original  FMS  architecture  had  an  RF  PCB  and  a  digital  PCB.  We  chose  this  architecture 
primarily  to  isolate  the  RF  signals  from  the  digital  card  noise.  With  this  architecture,  it  was  very 
difficult  to  test  either  card’s  functionality  by  itself,  because  the  FLL  feedback  counters  were  on 
the  digital  card.  Additionally,  the  microprocessor  was  on  the  digital  card  and  digital  control 
signals  were  driven  onto  the  RF  PCB.  The  new  FMS  architecture  shifts  away  from  a  RF/digital 
PCB  model  to  a  transmit/receive  PCB  model  In  the  new  architecture,  there  will  likely  be  3 
boards:  Two  transmit  (TX)  PCBs,  one  to  generate  the  RF  output,  one  to  generate  the  LO  output, 
and  one  receive  (RX)  PCB.  By  having  two  nearly  identical  transmit  PCBs  (the  only  difference 
being  different  output  frequencies),  the  test  and  debug  effort  is  effectively  cut  in  half 
Furthermore,  because  the  PLL  is  located  on  the  TX  PCB,  the  RX  PCB  is  not  needed  to  test  and 
debug  the  transmit  PCB.  There  will  be  some  digital  logic  on  the  TX  PCBs;  however,  the 
advantages  of  this  model  make  it  worth  the  change,  and  we  will  work  to  isolate  the  RF  and 
digital  portions  on  each  PCB.  Lastly,  separating  the  RF  and  LO  modules  into  two  cards  should 
ehminate  a  lot  of  the  crosstalk  we  observed  between  the  two  transmit  chains  on  the  Phase  I  RF 
card,  resulting  in  cleaner  (less  noisy)  RF  and  LO  output  signals. 

A5.2.4  Bench  Top  System  Tests  and  results: 

We  first  created  a  bench-top  system  to  test  out  the  new  TX  architecture.  The  main  system 
components  were  the  ADF4108  PLL  evaluation  board,  the  AD9910  DDS  evaluation  board,  a 
custom  loop  filter  prototype  board,  and  a  prototype  YIG  control/driver  module.  A  picture  of  the 
system  is  shown  here  for  reference. 

MACS  Phase  II  Bench  Top  Test  Setup 
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When  we  first  set  up  the  bench  top  system,  to  simphfy  the  test,  we  drove  the  YIG  main  cod  with 
a  precision  DAC  and  used  the  PLL  to  control  the  YIG  FM  driver  and  phase  lock  the  YIG  to  a 
signal  generator  output.  The  YIG  output  spectrum  was  as  follows  (centered  @  7.2  GHz): 


IkHz  5  kHz 


A5.2.4.1  Loop  Filter  Design  Considerations 

One  of  the  key  FMS  requirements  is  the  abihty  to  perform  frequency  modulation  while  ramping. 
The  frequency  modulation  provides  the  receiver  with  the  ability  to  analyze  the  1®*  and  2"‘* 
derivative  of  the  input  power  spectrum  as  we  U  as  the  power  spectrum  itself.  The  DDS  chip  has 
eight  profiles  that  can  be  pre-programmed  for  different  modes  of  operation.  These  profiles  save 
a  coirplete  set  of  DDS  register  settings,  including  the  output  frequency  of  the  DDS.  Three 
digital  inputs  to  the  DDS  select  which  profile  is  currently  active,  and  the  DDS  is  capable  of 
switching  between  profiles  in  just  a  few  clock  cycles.  In  order  to  implement  1®‘  derivative 
frequency  modulation  with  a  variable  modulation  depth  and  modulation  rate,  two  profile  settings 
are  used.  The  two  profiles  are  set  to  two  different  output  frequencies  equidistant  from  the 
desired  output  frequency.  The  digital  controller  on  the  TX  module  then  toggles  between  these 
two  profiles  at  the  desired  modulation  rate.  To  allow  the  DDS  to  continuously  modulate  while 
ramping  across  a  frequency  band  of  interest,  the  digital  controller  uses  an  additional  pair  of 
profiles.  Profiles  0  and  1  are  programmed  for  the  current  desired  output  frequency,  and  while 
toggling  between  these  two  profiles,  profiles  4  and  5  are  programmed  to  the  next  desired  output 
frequencies.  The  digital  controller  then  switches  to  profiles  4  and  5  at  the  appropriate  time,  and 
reprograms  profiles  0  and  1.  This  process  repeats  until  the  DDS  has  ranped  across  the  entire 
band  of  interest.  For  2"‘*  derivative  modulation,  four  profiles  are  needed  for  each  center  output 
frequency.  The  same  scheme  described  above  is  used,  only  aU  8  profiles  are  required.  Most 
PLL  systems  have  a  loop  filter  after  the  phase  detector,  to  smooth  out  the  correction  signal  sent 
from  the  phase  detector  to  the  oscillator.  Without  a  loop  filter,  phase  detector  output  voltage 
spikes  would  cause  wide  instantaneous  variations  of  the  output  frequency  and  possibly  cause  the 
loop  to  break  lock.  The  loop  filter  (low  pass)  integrates  the  spikes  and  provides  the  YIG  with  an 
averaged  correction  voltage.  A  general  rule  of  thumb  is  to  have  the  loop  filter  cutoff  (3dB) 
frequency  be  at  least  lOx  less  than  the  PLL  phase  detector  frequency.  In  our  system,  the  planned 
phase  detector  frequency  is  ~20MHz,  so  with  this  guideline  in  mind,  a  loop  filter  with  a  cutoff 
frequency  of  2MHz  or  less  would  be  suitable  for  the  application. 

Our  system  has  an  additional  consideration,  because  the  YIG  FM  coil  has  a  3dB  bandwidth  of 
2MHz,  according  to  the  datasheet  (Dr.  Eden  experimentally  verified  the  bandwidth  as  1.5MHz 
during  Phase  I  of  the  MACS  program).  The  loop  filter  bandwidth  should  be  less  than  this 
frequency  as  weU;  otherwise,  the  FM  cod  could  not  respond  quickly  enough  to  the  correction 
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voltage.  This  would  lead  to  a  condition  where  the  YIG  frequency  would  not  change  fast  enough 
for  the  phase  detector  to  notice,  and  the  phase  detector  would  repeatedly  put  out  a  correction 
voltage,  which  would  eventually  overdrive  the  YIG  output  past  the  reference  frequency.  The 
YIG  output  frequency  would  eventually  oscillate  as  the  phase  detector  overcorrects  in  both 
directions. 


In  terms  of  performing  the  FM  modulation,  we  have  an  opposing  design  guide  hne.  A  larger  loop 
filter  bandwidth  allows  for  a  higher  maximum  modulation  rate.  For  a  given  square  wave 
modulation  frequency,  the  loop  filter  bandwidth  should  be  at  least  5  times  this  frequency,  to 
allow  the  first  three  harmonics  of  the  square  wave  to  pass  through.  However,  the  loop  filter 
cannot  have  an  arbitrarily  wide  bandwidth,  because  it  must  average  the  PLL  CMP  high 
frequency  error  correction  voltage/current  spikes  which  drive  the  YIG,  as  stated  above.  The 
modulation  rate  of  40  kHz  used  in  MACS  phase  I  was  found  to  be  suitable  for  derivative 
analysis.  For  this  modulation  rate,  a  loop  bandwidth  of  at  least  200  kHz  is  necessary.  An 
additional  design  consideration  is  the  filter  topography,  the  primary  choice  being  between  an 
active  (using  an  operational  amplifier)  filter  or  a  passive  filter  (passive  components  only).  On 
MACS  Phase  I,  we  initially  chose  an  active  filter  design,  but  during  the  test  phase,  found  that  the 
filter  did  not  perform  as  we  expected,  so  we  settled  on  a  passive  filter  design.  Active  filters  also 
tend  to  generate  more  system  noise. 


The  simplest  passive  filter  design  is  a  capacitor  to  ground  followed  by  a  resistor  and  capacitor  to 
ground.  Using  an  Analog  Devices  PLL  simulation  program,  and  independently  verified  in 
SPICE,  we  designed  a  simple  passive  loop  filter  into  out  PLL,  as  shown  below. 


AVddDVdd  Vp 


apply  ^ 


F  out 
Gnd 


Reference 

200MHz 


Rset 

5.101 


RFin  A 
RFin  B 


Data 

Clock 

R  set  CP  Gnd 
Gnd  Gnd  Gnd 

TT 


NotesADF4108: 

1.  Vp  is  the  Charge  Pump  powersupply 

2.  Vp  >=  Vdd 

3.  CE  must  be  HIGH  to  operate 

4.  CSP  pinouts  shown 

5.  Consult  manufacturer's  data 
sheet  for  full  details 


The  filter  consists  of  the  6.8pF  capacitor  to  ground  followed  by  the  82k  ohm  resistor  and  the 
33pF  capacitor  to  ground.  The  bandwidth  of  this  filter  was  analyzed  by  software  to  be  232  kHz, 
meeting  all  the  design  considerations,  allowing  for  40  kHz  modulation  and  also  averaging  the 
PLL  CMP  output  spikes. 


154 


We  contemplated  choosing  a  lower  value  than  6.8pF  for  the  first  capacitor,  in  order  to  increase 
the  loop  bandwidth  somewhat,  however,  we  believed  that  stray  PCB  capacitance  would  begin  to 
dominate  the  calculation  and  wanted  to  create  a  circuit  we  could  predict  and  analyze. 

A5.2.4.2  Frequency  Modulation 

After  first  getting  the  YIG  phase  locked,  we  then  modulated  the  signal  generator  output  +/-  630 
Hz.  Because  our  YIG  divide  ratio  in  the  demo  system  was  36,  this  produced  an  output 
modulation  of  approximately  +/-22  kHz.  The  results  are  shown  here: 

44  kHz  78  kHz 

< - > 


IBc 


A5.2.4.3  DDS  Performance  and  OCXO  Options 

Moving  closer  to  the  full  bench  top  system,  we  next  replaced  the  signal  generator  output  with  the 
DDS  output.  We  performed  an  assessment  of  the  DDS  phase  noise  compared  to  the  signal 
generator  phase  noise.  (Obviously,  it  could  not  be  any  better,  but  we  wanted  to  see  how  much 
worse  it  might  be).  The  results  are  shown  here. 


The  plot  on  the  left  is  the  IGHz  signal  generator  output,  and  the  plot  on  the  right  is  the  100 MHz 
DDS  output  when  the  DDS  input  is  the  IGHz  signal  generator.  From  these  (nearly  identical) 
plots,  we  concluded  that  the  DDS  chip  likely  is  performance  limited  by  the  input  signal 
generator,  given  that  the  AD9910  datasheet  specifies  the  output  residual  phase  noise  @  -140dBc, 
and  the  Spurious  Free  Dynamic  Range  (SFDR)  @  -91dBc  for  the  100  MHz  output  frequency.  At 
the  time  this  plot  was  taken,  we  did  not  have  a  better  generator  to  test  the  theory. 
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We  have  investigated  the  use  of  a  precision,  low  phase  noise  reference  oscillator  to  use  for  the 
DDS  input.  One  alternative  under  consideration  was  the  Wenzel  Associates  Agate  I  oscillator, 
which  produces  a  IGHz  signal  with  200ppb  (parts  per  billion)  accuracy.  Despite  having  the 
maximum  input  reference  frequency  that  the  AD9910  DDS  chip  can  handle,  the  size  is  2.5”  x  5”, 
and  requires  a  lot  of  power  for  the  internal  frequency  multpliers  and  anphfiers.  We  have  more 
recently  investigated  (and  are  leaning  towards)  a  precision  OCXO  from  Valpey  Fisher 
Corporation.  The  VFO  V400  Series  oscillators  have  SSB  phase  noise  of  -90dBc/Hz  @  IHz,  and  - 
125dBc/Hz  @10Hz,  in  addition  to  50ppb  stabihty,  a  3.3V  power  supply  option  (the  Wenzel  part 
needed  15V),  and  a  footprint  less  than  1  in^.  A  disadvantage  of  the  VFO  series  is  that  the 
maximum  frequency  is  250  MHz,  which  would  lead  to  a  less  smooth  DDS  output  than  would  an 
output  signal  sanpled  at  IGHz.  Since  the  phase  noise  specifications  of  the  VCO  exceed  the 
capabdities  of  the  AD9910  DDS  chip,  the  DDS  performance  would  be  hmited  only  by  the  DDS 
chip  itself,  not  by  the  reference  oscillator  (as  in  our  experiment).  We  did  not  purchase  an  OCXO 
for  the  test  setup  because  our  decision  has  not  been  finahzed. 


We  were  then  able  to  insert  the  DDS  chip  into  the  system.  The  signal  generator  produced  a  1 
GHz  reference  clock  for  the  DDS  chip,  and  the  DDS  chip  (first  in  RAM  and  then  by  togghng 
between  discrete  frequency  settings)  produced  the  FM  modulatioa  The  results  are  shown  here: 


Basically,  the  DDS  continued  to  perform  no  worse  than  the  signal  generator  in  the  non- 
modulated  plot.  However,  in  the  modulated  plot,  there  appeared  to  be  more  system  noise.  We 
were  initially  unsure  why  this  was  happening. 


We  then  tested  to  see  how  fast  we  could  frequency  modulate,  and  we  found  that  we  could  only 
modulate  up  to  45  kHz,  which  was  contrary  to  our  loop  filter  SPICE  simulation.  We  concluded 
that  there  was  too  much  stray  capacitance  in  the  bench  top  system  setup  to  get  the  full  filter 
bandwidth  and  that  the  loop  filter  cutoff  frequency  was  causing  the  noisy  modulation  plots. 
Reducing  stray  capacitance  became  one  of  the  motivations  to  move  toward  a  prototype  PCB. 

A5.2.4.4  Self-locking  YIG  control  and  other  YIG  driver  improvements: 


The  last  feature  we  implemented  on  the  bench  top  system  was  the  self- locking  YIG  control 
mechanism  using  the  main  coil  in  addition  to  the  FM  coil.  We  successfully  disconnected  the 
YIG  main  coil  driver  from  the  DAC  and  connected  it  to  the  filtered  PEL  phase  comparator  Vtune 
output.  This  last  modification  resulted  in  our  bench-top  system  matching  the  block  diagram 
given  earher. 
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One  of  the  benefits  of  the  self  locking  YIG  control  mechanism  over  the  phase  I  architecture  is 
that  the  integrating  cap  no  longer  needs  to  be  polypropylene  (ultra- low  leakage).  To  elaborate, 
the  MACS  I  main  coil  driver  needed  a  current  drive  precision  in  the  nA  range,  because  of  the 
18MHz/mA  current- to-lfequency  characteristic  of  the  main  cod.  Small  variations  in  the  main 
coil  current  could  produce  large  variations  in  the  output  frequency.  In  the  new  proposed  FMS 
architecture,  the  YIG  is  being  coarsely  locked  through  the  main  coil,  and  finely  locked  through 
the  FM  cod,  which  has  a  400  kHz/mA  current  to  frequency  transfer  characteristic.  Thus,  tiny 
variations  in  current  aren’t  going  to  adversely  affect  the  YIG  output  frequency  nearly  as  much  in 
the  new  architecture. 

Additionally,  for  MACS  I,  we  needed  a  very  slow  integration  rate  for  frequency  sweeps,  which 
led  to  a  very  high  resistor  value  in  the  integrator  circuit.  In  this  new  architecture,  we  are  using 
the  main  cod  not  for  sweeps  but  to  quickly  achieve  coarse  lock  of  the  YIG  frequency.  (As 
explained  above,  the  DDS  chp  will  be  responsible  for  sweeping  the  YIG  output  frequency.) 
This  requirement  suggests  we  use  a  much  faster  integration  ramp  rate  than  the  MACS  Phase  I 
architecture.  Because  the  integration  rate  is  proportional  to  the  inverse  of  the  integration 
resistance  value  (Vout  =  -1/RC  *  1  Vm  dt),  we  can  reduce  the  large  (specialty  400  Megaohm 
through  hole)  resistor  to  a  smader,  surface  mount  component.  We  selected  a  value  of  220 
kdohms  to  move  between  frequency  bands  quickly  without  losing  PLL  lock.  To  verify  a 
reasonable  ranp  rate,  we  calculated  the  change  in  frequency  over  a  1  second  ramp.  With  a  2.2uF 
capacitor,  a  220  kilohm  resistor,  a  2.5V  Vtune  input  voltage,  a  10  ohm  main  cod  resistance,  and  a 
18  MHz/mA  current  to  frequency  sensitivity  of  the  main  coil,  we  can  hop  (1/.484)  *  2.5V  * 
l/10(ohins)  *  18GHz/A  =  ~9.3  GHz  in  one  second.  That  means  it  will  take  just  over  Vi  a  second 
to  jump  from  8.75  GHz  to  13.75  GHz. 

A5.2.5  DDS  Chip  Selection: 

The  reader  may  have  noticed  a  discrepancy  between  the  system  block  diagram  on  page  2  of  this 
appendix  and  the  bench  top  test  block  diagram  on  page  4.  Specifically,  the  system  block 
diagram  shows  the  DDS  module  as  AD9956,  while  the  bench  top  setup  shows  DDS  module 
AD9910.  In  our  initial  development,  we  targeted  the  AD9910  DDS  module  for  use  in  MACS; 
however,  we  have  more  recently  decided  upon  using  the  AD9956  module. 

The  AD9910  DDS  module  may  actually  be  the  superior  DDS  conponent.  The  AD9910  chip 
runs  at  IGHz,  compared  to  400MHz  for  the  AD9956.  The  AD9910  also  has  many  other 
programmable  frequency  output  modes.  Our  initial  plan  was  to  use  the  AD9910  DDS  module 
along  with  the  Wenzel  1  GHz  reference  oscillator,  running  the  ADF4108  PLL  reference  oscillator 
as  fast  as  possible  (up  to  fOOMHz)  to  achieve  the  most  accurate  YIG  output.  However,  analysis 
of  our  system  needs  revealed  that  we  did  not  need  all  this  capability,  and  so  we  looked  to 
simplify  the  architecture  and  reduce  cost,  size,  and  power  consumed. 

The  AD9956  DDS  module  includes  both  a  PLL  and  a  DDS  frequency  generator  in  a  single  chip. 
This  allows  us  to  remove  the  ADF4108  PLL  chip  from  our  system;  saving  cost,  board  space,  and 
simphfying  the  design.  Producing  an  output  frequency  around  20MHz  is  not  compromised 
greatly  by  the  lower  frequency  DDS.  Additionally,  as  mentioned  previously,  the  Valpey  Fisher 
VFO400  series  OCXO  running  at  250MHz  was  smaller,  cheaper,  and  had  a  tighter  tolerance 
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specification,  making  it  a  better  input  reference  to  the  AD9956.  Together,  these  two  components 
can  frequency  lock,  ramp,  and  modulate  the  YIG  output  frequency. 

Using  the  system  block  diagram  on  page  2  as  a  reference,  we  can  provide  more  specific 
information  on  the  anticipated  system  operation.  The  YIG  output  will  be  between  8.75  and 
13.75  GHz.  Because  the  AD9956  PLL  section  requires  RF  inputs  to  the  PLL  to  be  below  655 
MHz,  we  need  to  divide  the  YIG  output  by  a  factor  of  32,  making  the  PLL  RF  input  in  the  range 
of  273.4375  -  429.6875MHz.  The  PLL  inputs  have  a  maximum  divide  of  16  to  the  phase 
detector.  Selecting  this  divide  value  of  16,  the  phase  detector  will  have  an  operating  frequency 
of  ~17MHz  to  ~26.8MHz.  The  DDS  output  becomes  the  reference  input  to  the  phase  detector 
and  with  an  input  frequency  of  250MHz  (from  the  OCXO),  and  a  48  bit  DDS  accumulator,  the 
frequency  tuning  resolution  on  the  DDS  output  is  8.88  x  10'^  Hz.  Of  course,  the  frequency 
multiplier  from  the  PLL  to  the  YIG  is  32  x  16  =  512,  but  this  still  gives  us  455  microHertz 
resolution  on  the  YIG  output  frequency!  While  we  will  not  likely  achieve  this  best  case 
scenario,  we  beheve  that  we  can  know  the  YIG  output  frequency  to  within  IHz.  As  a  point  of 
comparison,  we  were  able  to  have  ~600Hz  resolution  on  the  YIG  frequency  output  in  the  Phase  I 
FLL  configuration,  using  an  integration  period  of  1. 53ms. 

The  AD9956  datasheet  gives  a  simphfied  apphcation  diagram  that  describes  its  usage  in  our 
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A5.2.6  Additional  TX  System  Considerations,  Changes,  and  Enhancements: 

A5.2.6.1  Maintaining  constant  TX  output  power: 

One  area  of  concern  is  maintaining  a  constant  output  power  to  the  THz  module.  The  MACS 
phase  1  RF  card  exhibited  a  varying  output  power  response  over  its  frequency  range.  Thus, 
different  amounts  of  energy  were  being  used  to  excite  the  chemical  samples  at  different 
frequencies.  This  caused  differing  receiver  power  levels  in  different  frequency  bands.  This 
made  it  comphcated  to  accurately  compare  chemical  signatures  across  a  wide  frequency  band. 

In  analyzing  and  reviewing  our  Phase  I  architecture  (shown  below  for  reference),  we  concluded 
that  the  numerous  circuit  elements  and  RF  strip  hne  traces  in  the  RF/LO  output  path  made  it  very 
difficult  to  produce  a  constant  output  power.  Multiple  airplifiers,  attenuators,  mixers,  and  band 
pass  filters  made  for  a  coirplex  architecture,  where  even  a  single  component  malfunction  was 
difficult  to  isolate  and  debug.  Additionally,  the  numerous  strip- hne  50  ohm  traces  ah  needed  to 
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be  specified  to  a  certain  distance  so  as  not  to  set  up  standing  waves  on  the  traces,  and  the  traces 
had  to  be  properly  trimmed  in  width  at  the  pins  of  all  the  components  to  maintain  the  50  ohm 
impedance.  Slight  miscalculations  could  easily  prove  harmful.  Lastly,  the  YIG  oscillator  was 
running  at  11-13.5  MHz,  and  mixed  down  to  8.75-11.25  MHz.  These  high  frequency  RF  traces 
ran  all  over  the  PCB  and  were  subject  to  trace  losses  resulting  in  a  significant  power  loss  on  the 
Phase  I  system  TX  output  power. 

Dual  Band  RF  Module  rev  2.2 


In  the  new  architecture,  our  hope  is  that  by  having  only  1  attenuator  and  1  amplifier  in  the 
transmit  path  from  the  YIG  to  the  THz  module,  we  can  minimize  the  variations  in  output  power. 
The  only  high  speed  traces  on  the  PCB  are  from  the  YIG  to  the  THz  module  and  in  the  feedback 
path  from  the  YIG  to  the  PLL,  and  the  frequency  of  the  signals  decreases  through  each  divider 
stage.  The  prototype  PCB  described  in  the  next  section  has  been  designed  with  a  variable  gain 
airplifier  in  order  to  experiment  with  an  output  power  control  mechanism  The  VGA  can  correct 
for  power  differences  across  the  frequency  regime,  and  be  run  in  saturation,  which  lowers  the 
signal  to  noise  ratio  of  the  RF/LO  output  without  over- amplifying  the  signal. 

A5.2.6.2  A  worthwhile  cost  tradeoff: 

One  of  the  costs  of  using  the  new  architecture  is  the  need  for  2  YIG-tuned  oscillators,  one  for 
each  of  the  RF/LO  transmit  chains.  YIG-tuned  oscillators  are  expensive  components,  with  a 
price  of  $2000- $3000.  We  decided  to  incur  this  additional  parts  cost  in  order  to  siirplify  the 
design  and  remove  the  mixer/filter  architecture  of  phase  I.  In  addition  to  the  variable  output 
power  issue  discussed  above,  we  beheve  the  old  architecture  was  causing  some  noise  issues  in 
the  phase  I  RF  board,  due  to  unwanted  mixer  products  and  possible  coupling  between  the  many 
PCB  traces  routing  these  high  frequency  signals.  Furthermore,  the  removal  of  the  band  pass 
filters  (we  no  longer  have  undesired  mixer  products  in  the  new  architecture)  does  save 
approximately  $1200  and  significant  PCB  space.  Lastly,  the  old  architecture  would  not  have 
adapted  weU  to  producing  RF  and  LO  signals  from  8.75-13.75  GHz,  instead  of  only  8.75-11.25 
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GHz.  We  would  have  likely  needed  additional  filters  for  the  higher  frequency  bands,  and  would 
have  needed  to  give  great  design  concern  and  consideration  to  the  additional  mixer  scenarios. 

A5.2.6.3  Expanding  ST  internal  capabilities: 

For  the  first  two  iterations  of  the  FMS,  the  PCB  layout  was  contracted  to  a  layout  and  prototype 
manufacturing  firm  outside  Smart  Transitions.  While  that  decision  allowed  ST  to  focus  on  other 
conplexities  of  the  Phase  I  design,  it  cost  money  and  took  time  to  produce  the  finished  PCBs. 
Now,  with  a  proven  design  in  hand,  ST  has  invested  resources  in  learning  RF  PCB  layout 
techniques  and  producing  the  PCB  of  the  next-generation  FMS  in  house.  This  decision  will 
provide  ST  with  more  flexibility  to  change  and  improve  designs  on  short  notice,  as  well  as 
increase  organizational  capabilities. 

Two  specific  areas  where  this  flexibility  will  make  a  difference  are:  1)  Tweaking  the 
layout/routing/placement  to  achieve  a  constant  transmit  output  power,  given  the  difficulties 
described  in  section  A5.2.6.1,  and  2)  Eliminating/accounting  for  the  effects  of  stray  capacitance 
on  the  PCB,  specifically  in  the  PEL  loop  filter,  as  described  in  section  A5. 2.4.1.  Optimizing  the 
performance  in  these  areas  is  often  a  trial  and  error  process;  by  having  control  over  the  full 
design  in  house,  we  can  quickly  and  efficiently  conduct  multiple  trials  within  the  program  time 
frame.  (On  MACS  I  we  only  had  time  for  2  PCB  iterations.) 

A5.2.7  Design  and  preliminary  test  of  the  prototype  PCB: 

After  successfully  testing  the  bench  top  system,  we  next  turned  towards  generating  a  prototype 
PCB.  As  stated  previously,  the  main  intentions  of  the  prototype  development  were  1)  to  begin  to 
miniaturize  the  bench  top  test  setup  and  move  closer  to  a  realistic  and  viable  Phase  II  transmit 
PCB,  2)  expand  ST’s  capabilities  to  perform  high  speed  RF  design  and  layout,  and  3)  provide  ST 
with  the  control  and  flexibility  over  the  development  process. 

A5. 2.7.1  Architecture  and  block  diagram: 

The  PCB  and  system  block  diagram  is  shown  below.  The  diagram  closely  resembles  the  system 
block  diagram  on  page  2  of  this  appendix. 

As  we  can  see  from  the  block  diagram,  the  prototype  board  was  designed  to  interface  both  with 
the  AD9910  and  AD9956  DDS  chips.  In  the  AD9956  configuration,  we  only  need  the  single 
demo  board,  while  in  the  AD9910  configuration,  we  need  both  the  AD9910  demo  board  and  the 
ADF4108  PEL  demo  board.  Although  at  the  time  of  design  we  were  leaning  towards  the 
AD9956  DDS  chip,  we  had  still  tested  the  bench  top  system  with  the  AD9910  and  ADF4108,  so 
we  decided  to  keep  the  ability  to  use  those  components  for  the  sake  of  having  a  smooth 
migration  from  the  bench  top  system  to  the  PCB,  and  for  this  reason,  most  of  our  initial  testing 
with  the  PCB  still  used  the  AD9910  and  ADF4108  components. 
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equip. 


A5.2.7.2  Schematic  Diagram: 

The  schematic  diagram  is  shown  on  the  next  page.  We  immediately  see  4  subsections  of  the 
board  (clockwise  starting  from  the  upper  right): 

1)  Power  Input  and  Filtering.  The  TX  PCB  will  require  3  input  voltages,  +15V,  -12V,  and 
-1-5. 8V.  The  power  inputs  come  in  through  a  DB-9  connector.  A  hnear  dropout  regulator 
(LDO)  is  used  to  produce  a  clean  14V  supply  needed  for  the  YIG  internal  amphfier 
circuit,  and  another  LDO  is  used  to  produce  a  clean  -i-5V  from  the  -I-5.8V  supply.  Power 
supply  filtering  is  a  critical  portion  of  the  design,  so  as  to  eliminate  noise  on  the  GHz 
system  signals.  The  -5V  is  generated  from  a  5V  reference  generator  (using  the  5.8V 
supply  as  its  input)  and  inverted  using  an  op-amp  circuit  which  requires  the  -12V;  only 
20mA  of  -5V  is  needed  by  the  PCB,  so  an  LDO  is  not  necessary  in  this  case. 

2)  YIG  Main  Coil  and  FM  Drivers.  The  YIG  driver  circuit  is  based  on  the  MACS  Phase  I 
design.  We  replaced  the  polypropylene  low  leakage  capacitor  and  400  Megaohm  resistor 
with  a  2.2uF  ceramic  through-hole  capacitor  and  a  220  kilohm  surface  mount  resistor. 
The  PLL  Vtune  output  goes  through  the  passive  loop  filter  and  is  spht  at  the  input  of  a  low 
noise  OPA2228  op  amp.  One  path  goes  the  FM  coil  driver  and  filter,  which  has  a 
pulldown  resistor  R17  of  200  ohms  setting  the  maximum  FM  driver  current  to  5V/200 
ohms  =  40mA,  which  is  equivalent  to  40mA  *  400kHz/mA  =  16MHz  of  FM  coil  pulling 
capabdity,  which  is  sufficient  for  the  appheatioa  (5  V  is  the  maximum  Vtune  output.)  The 
other  path  goes  to  a  voltage  follower,  and  then  to  the  integrator  circuit  (R20,  C56,  U18). 
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The  baseline  voltage  for  the  YIG  is  set  to  be  2.5  V  by  R19,  R24,  and  C58  (assuming  the 
jumper  ties  R19  to  ground).  2.5  V  is  the  center  of  the  Vtune  range,  and  when  the  PLL  is 
locked,  the  tuning  voltage  will  hold  at  midscale,  giving  the  circuit  maximum  tuning 
flexibility.  Additionally,  the  2.5V  is  a  small  enough  input  voltage  to  keep  the  YIG  off 
(and  conserving  power)  until  the  PLL  is  configured  by  the  system.  Switch  U17  is  a 
carryover  from  Phase  I  which  allows  us  to  reset  the  YIG  main  coil  voltage;  we  do  not 
beheve  we  will  need  this  switch  in  the  final  design,  but  we  left  it  in  for  safety.  The  rest  of 
the  driver  circuit,  including  the  FET  and  the  diode,  has  been  copied  from  the  successful 
phase  I  implementation. 

3)  YIG  amplifier  and  ADF4108  prescaler.  This  is  the  high  frequency  portion  of  the  PCB. 
The  YIG  output  waveform  comes  into  the  card  via  SMA  and  is  immediately  routed  to  a 
splitter.  Both  splitter  outputs  are  attenuated  to  make  the  signal  level  conpatiLle  with  the 
downstream  ICs.  One  signal  path  is  to  a  +12dB  variable  gain  amplifier  (VGA).  As 
discussed  in  section  A5. 2.6.1,  the  VGA  sends  the  signal  into  saturation  (+16dBm)  and 
can  correct  unanticipated  changes  in  output  power  to  produce  a  constant  output  power. 
The  +16dBm  output  power  level  is  a  bit  lower  than  the  diode  chain  specification,  +17  to 
+20dBm,  of  the  THz  module;  one  purpose  of  this  prototype  board  is  to  see  if  +16dBm 
would  work  in  the  MACS  system.  We  could  have  inserted  higher  power  amplifiers  (and 
yet  may  do  so),  but  the  variable  gain  setting  was  an  attractive  option  for  prototype 
development. 

The  second  signal  path  is  to  a  divide  by  8  IC.  This  component  (U3)  brings  the  YIG 
feedback  frequency  into  a  range  which  the  ADF4I08  PLL  chip  can  handle.  Specifically, 
the  lower  frequency  bound  is  8.75GHz/8  =  1. 09375GHz,  and  the  upper  bound  is 
13.75GHz/8  =  L71875GHZ.  An  additional  attenuator  and  amphfier  stage  is  necessary  to 
make  the  signal  level  faU  within  the  -5dBm  to  +5dBm  range  of  the  ADF4108,  as  weU  as 
the  signal  level  range  of  the  divide  by  4  IC,  described  in  the  next  section. 

Many  of  the  high  frequency  components  require  DC  blocking  capacitors  on  the  inputs 
and  outputs.  Values  were  chosen  to  make  the  impedance  at  operating  frequencies  less 
than  5ohms,  or  1/10  of  the  50  ohm  trace  impedance,  but  it  is  possible  for  the  capacitors  to 
impact  the  actual  RF  signal  levels,  and  this  needs  to  be  accounted  for  and  tested. 

4)  AD9956  Prescaler.  In  order  to  bring  the  YIG  feedback  frequency  below  655MHz  (the 
maximum  input  frequency  the  PLL  of  the  AD9956  can  handle),  we  need  an  additional 
divide  by  4  on  the  output  of  the  divide  by  8  module.  Again  there  is  an 
amplifier/attenuator  pair  to  create  the  desired  AD9956  signal  level  of  +3dBm 

In  this  section  of  the  schematic  are  also  three  50  ohm  traces.  These  traces  are  ST’s 
attempt  to  characterize  and  gain  insight  into  the  power  losses  in  the  PCB  traces  at  high 
>10GHz  frequencies  that  we  believe  occurred  on  the  Phase  RF  PCB.  One  of  the  traces  is 
straight,  one  is  curved,  and  the  third  is  also  curved  with  a  capacitor  in  the  signal  path. 
The  plan  is  to  input  a  high  frequency  signal  of  known  power  and  measure  the  output 
power  levels  while  performing  a  frequency  sweep. 
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A  list  of  key  components  is  shown  here: 


YIGPLLREVIaParts  List 

Reference  Designator 

Manufacturer 

Part  Number 

Q1 

Fairchild  Semiconductor 

MMBT2222A 

Q2 

International  Rectifier 

IRLML6401GPBF 

U1 

IMS 

IPS2290-50R0J 

U2,  U4,  U6,  U9 

IMS 

IA3-0805S 

U3 

Hittite  Microwave  Corp. 

HMC494LP3 

U7 

Hittite  Microwave  Corp. 

HMC463LP5 

U8 

Hittite  Microwave  Corp. 

HMC363S8G 

U10,  U21 

Hittite  Microwave  Corp. 

HMC374 

U11 

Analog  Devices 

ADP3334ARZ 

U12 

Analog  Devices 

ADR445BRZ 

U13 

Analog  Devices 

AD8599ARZ 

U14 

Linear  Technology  Corp. 

LTC1763CDE 

U15 

MicroLambda 

MLXM-0618 

U16,  U18 

Texas  Instruments 

OPA2228UA 

U17 

Analog  Devices 

ADG417BRZ 

U19 

Analog  Devices 

ADR441BRZ 

U20 

ST  Microelectronics 

STP40NF03L 

All  parts  (with  the  exception  of  the  YIG)  are  readily  available  and  easily  procurable. 
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A5.2.7.3  Layout  and  Initial  Build: 


Pictures  of  the  PCB  layout  and  completed  prototype  PCB  are  shown  above.  The  PCB  size  is 
approximately  3”x5”,  and  a  tot  of  the  spaee  is  blank  or  consumed  by  test  traces,  which  validates 
the  projected  reduction  in  size,  even  when  the  DDS  chp  and  associated  circuitry  is  added  to  the 
final  TX  PCB. 

While  performing  the  layout,  we  researched  RF  PCB  routing  guidelines.  We  used  this 
information  to  calculate  the  trace  width  and  separation  distance  from  the  ground  planes.  The 
model  we  used  was  the  grounded  coplanar  waveguide  model.  A  basic  tutorial  on  this  model  can 
be  found  at  http://www.microwavesl01.com/encvclopedia/coplanarwaveguide.cfm.  This  board 
was  produced  on  Rogers  4350  material,  with  a  dielectric  constant  of  s  =  3.36.  A  discussion  of 
the  recommended  curvature  of  RF  signal  traces  can  be  found  at 
http :// ww  w.  abso  lutea  stro  no  my  .co  m/top  ics/M  ic  rostr  ip .  the  basic  conclusion  being  the  radius 
should  be  3  times  the  trace  width  (in  our  case  32  mils),  for  a  radius  of  at  least  96  mils. 

All  RF  PCB  trace  lengths  were  calculated  to  3/8X  to  reduce  the  possibility  of  setting  up  a 
standing  wave  on  the  PCB  trace  at  lengths  of  k/4,  XU,  and  X.  The  frequency  assumed  was 
1 1.25GHz,  the  center  frequency  of  the  system 

Ground  plane  stitching  was  provided  at  a  maximum  distance  of  A,/20  for  the  various  high 
ffequeney  signals,  and  1/4”  stitehing  was  provided  on  the  edge  of  the  PCB,  to  minimize  EMI 
radiation. 

One  can  see  from  the  populated  PCB  that  the  YIG  is  directly  soldered  into  the  PCB,  unlike 
MACS  phase  I,  where  the  YIG  was  mounted  separately  and  connected  to  the  driver  circuit  with 
cables.  This  will  simplify  the  overall  architecture  and  reduce  stray  capacitance  on  the  YIG 
interface  signals.  For  this  prototype  build,  we  used  a  spare  Micro  Lambda  YIG  from  the  Phase  I 
development.  Once  we  have  a  permanent  magnet  YIG  selected,  we  will  incorporate  that  into  our 
system  Abo,  the  YIG  will  be  mounted  on  the  underside  of  the  PCB  and  likely  heat-sinked  to 
the  main  chassis.  Here  the  YIG  is  mounted  on  top  of  the  PCB. 

A5.2.7.4  Prototype  Test  Results: 

Initial  tests  of  the  PCB  have  validated  our  abihty  to  successfully  frequency  lock  the  YIG  using 
the  ADF4I08  PEL.  A  plot  of  the  locked  signal  is  shown  here. 
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Here,  the  YIG  is  locked  at  7.2  GHz,  and  we  can  see  the  phase  noise  ( — 72dBc  @40kHz)  of  the 
signal  We  expect  that  this  performance  is  only  a  baseline,  and  wiU  improve  once  a  more  stable 
reference  oscillator  is  used.  In  this  exarrple,  the  200MHz  output  from  our  signal  generator  was 
directly  used  as  the  frequency  reference  for  the  ADF4108. 

Additional  tests  have  validated  our  ability  to  frequency  lock  the  YIG  using  the  AD9956  chip.  In 
one  setup,  we  had  a  YIG  output  frequency  of  9.6  GHz. 

A5.2.7.5  Debugging  the  prototype  PCB: 

One  of  the  key  challenges  we  faced  in  getting  the  board  to  frequency  lock  was  a  design  omission 
on  the  divide  by  4  and  divide  by  8  Hittite  chips.  Because  we  are  running  these  chips  single 
ended,  and  they  are  differential  circuits,  when  there  is  no  vahd  input  on  these  signals,  the  other 
differential  input  appears  to  be  picking  up  noise  and  amphfying  it,  oscillating  wildly  at  the  output 
pins,  and  making  the  PLL  think  there  was  a  valid  high  frequency  signal  when  there  was  not. 
After  consulting  an  apphcations  guide  from  Hittite,  we  inserted  puU  down  resistors  to  ground 
(using  values  recommended  in  the  guide)  in  parallel  with  the  blocking  capacitors  on  the  unused 
differential  inputs,  and  the  noise  was  ehminated  at  the  expense  of  a  slightly  smaller  input  power 
range  of  these  parts. 

A  second  obstacle  was  encountered  on  the  HMC463LP5  VGA  chip.  The  VGA  is  set  by  a 
voltage  present  on  one  of  the  chips  input  pins.  For  our  design,  we  included  a  15  kilohm  resistor 
and  a  5  kilohm  potentiometer  connected  to  this  VGA  pin,  and  hoped  to  tune  the  output  power 
level  by  adjusting  the  voltage  on  this  pin.  While  the  final  version  plans  include  a  DAC  output 
controlling  the  VGA,  we  thought  the  potentiometer  would  be  sufficient  for  our  purposes. 
Unfortunately,  the  amphfier  tuning  pin  has  two  relatively  low  value  (6.5  kilohm  and  1.5  kilohm) 
resistors  biasing  the  pin  more  effectively  than  our  15  kilohm  resistor  and  5  kilohm  potention^ter. 
In  future  revisions  of  the  PCB,  we  calculated  that  we  will  need  bias  resistors  in  the  hundreds  of 
ohms  to  override  the  automatic  bias  on  the  gain  pin. 

A  third  obstacle  were  persistent  300  kHz  (and  multiples)  spurs  we  observed  approximately  - 
18dBc  from  the  divided  by  8  YIG  feedback  signal  to  the  PLL.  We  discovered  that  the  op  anp 
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which  was  generating  the  -5V  power  rail  was  ringing  due  to  the  capacitance  on  the  op  amp 
output.  Once  we  removed  C40,  the  spurs  disappeared. 

A5.2.7.6  Key  points  of  remaining  validation: 

We  are  still  in  the  process  of  validating  the  entire  board’s  functionality,  examining  the  PCB’s 
abdity  to  handle  14  GHz  signals  using  the  test  traces,  verifying  a  flat  transmit  power  spectrum, 
and  vahdating  the  circuit  with  the  AD9956  DDS  chip.  We  have  no  data  on  these  design  goals  at 
this  time. 

The  next  key  point  of  debug  is  to  understand  and  eliminate  the  power  losses  being  experienced  at 
higher  system  frequencies.  The  ADF4108  PLL  chip  has  a  test  port  where  the  RF  input  signal  can 
be  measured.  In  our  system,  the  PLL  RF  input  comes  from  the  divided  by  8  YIG  output. 
Because  the  divider  and  anphfier  are  specified  to  produce  a  constant  power  output,  we  would 
expect  this  ADF4108  test  port  to  exhibit  a  constant  output  power  across  the  range  of  frequencies. 
Instead,  for  our  setup,  the  higher  the  YIG  output  frequency,  the  more  power  losses  the  signals 
exhibited.  Above  11.2  GHz  (essentially  our  proposed  mid-band),  we  could  no  longer  frequency 
lock  the  YIG,  because  the  feedback  signals  were  not  reaching  the  PLL.  The  graph  below  is  one 
illustration  of  the  issue. 
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A5. 2.7.7 Next  Steps: 


The  next  planned  integration  step  is  to  combine  all  components  (by  adding  the  PLL  circuitry) 
onto  a  single  PCB.  This  single  PCB  will  additionally  reflect  any  changes  and  improvements 
we’d  need  to  make  to  the  current  prototype  design,  based  on  the  results  of  our  validation  testing. 

A5.2.8  Additional  System  Level  Considerations,  Changes,  and  Enhancements: 

A5.2.8.1  Changes  to  the  receiver  architecture: 

While  we  have  spent  the  majority  of  our  research  efforts  improving  on  the  transmit  subsystem 
architecture,  we  have  conteirplated  changes  in  the  receiver  architecture  as  well  The  first  big 
change  is  necessitated  by  the  addition  of  the  540-660GHz  band.  Instead  of  a  single 
transmit/receive  path  to/from  the  THz  cell,  there  will  be  two  paths  for  the  x24  and  x48  chains. 
On  the  receiver  side,  we  will  need  to  multiplex  between  the  210-270  and  540-660GHz  channels. 
We  still  plan  to  keep  the  heterodyne  architecture,  where  the  RF  and  LO  frequencies  are  “mixed 
down”  to  produce  an  IF  frequency  in  the  digital  logic  range.  However,  we  have  proposed  some 
changes.  The  two  most  significant  changes  are  (1)  the  incorporation  of  a  crystal  filter  in  the 
receiver  path  to  limit  IF  interference,  and  (2)  A  change  in  the  receiver  IF  frequency. 

The  use  of  a  crystal  filter  allows  for  more  flexibility  in  the  IF  frequency.  Normally,  the  higher 
the  IF  frequency,  the  larger  the  pass  band  in  the  IF  filter.  With  a  crystal  filter,  a  larger  pass  band 
can  be  avoided  to  some  extent,  eliminating  noise  and  spurs  from  the  input  power  spectrum  Our 
investigation  into  commercially  available  crystal  filters  revealed  the  most  common  filter 
frequencies  are  10.7MHz,  21.4MHz,  45MHz,  and  70MHz;  however,  custom  filters  have  been 
built  up  to  the  200-250MHz  range  as  well.  Increasing  the  IF  frequency  reduces  the  1/f  receiver 
noise  that  we  may  have  had  at  10.7MHz  in  the  MACS  Phase  I  system  Additionally,  it  will 
allow  for  the  RF  and  LO  output  frequencies  to  be  farther  apart.  Part  of  the  rationale  for  moving 
the  RF  and  LO  frequencies  farther  apart  was  to  reduce  the  crosstalk  between  the  RF  and  LO 
transmit  chains;  however,  as  described  in  section  A5.2.3.3,  the  separation  of  the  RF  and  LO 
generation  onto  separate  cards  should  achieve  this  goal 

We  have  not  yet  selected  a  new  IF  frequency,  but  a  likely  scenario  and  calculation  is  given  here. 
Suppose  we  choose  70MHz  for  the  IF  frequency.  Then,  for  the  210-270GHz  frequency  range, 
we  would  need  the  RF  and  LO  signals  to  be  70/24  =  2.916666  MHz  apart.  For  the  540-660GHz 
frequency  range,  the  RF  and  LO  signals  would  need  to  be  70/48  =  1.458333  MHz  apart.  With  a 
IHz  YIG  output  frequency  resolution  provided  by  the  DDS,  we  can  easily  set  the  RF  and  LO 
output  frequencies  to  achieve  a  precise  IF  value. 
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A5.2.8.2  Changes  to  the  Power  System  Architecture: 


In  our  phase  1  system,  our  FMS  input  voltages  consisted  of  +24 V,  +15V,  +12V,  -12V,  +5  V,  and 
+3.3V.  We  have  investigated  eliminating  the  +24V  and  +12V  supplies.  The  +24V  actually 
became  unnecessary  in  Phase  I  when  we  replaced  the  OmniYIG  YIG  with  the  Micro  Lambda 
coirponent.  The  MicroLambda  YIG  oscillator  can  accept  down  to  +15V  for  its  heater,  whereas 
the  OmniYIG  oscillator  needed  +24V  for  its  heater.  Additionally,  after  analysis  of  the  FMS,  we 
have  determined  that  any  component  which  used  +12V  can  also  use  +15V.  Eliminating  these 
two  voltages  from  the  FMS  will  simplify  the  overall  FMS  architecture,  and  removing  the  power 
supply  filters  on  the  receiver  module  will  decrease  board  space  and  routing  complexity  as  well 
While  the  full  MACS  system  will  still  need  the  +24V  supply  for  the  SAPM  module,  the  +12V 
can  be  safely  eliminated  from  the  full  system.  This  will  reduce  the  power  dissipated  from  the 
main  AC  supply  and  either  reduce  the  size  of  the  Vicor  system  power  supply  module  or  allow  us 
to  use  the  Vicor  to  generate  an  additional  system  voltage  of  our  choice  (TBD,  maybe  +5.8V). 

A5.2.S.5  Changes  to  the  MACS  communications  fabric: 

The  current  MACS  design  uses  serial  (RS-232)  and  parallel  busses  for  internal  communications, 
and  has  hmited  external  communications  options.  We  have  explored  using  Ethernet  cables  to 
replace  the  parallel  bus  for  transmitting  FMS  receiver  data  to  the  central  computer.  The  FPGA 
software  comes  with  standard  IP  cores  for  an  Ethernet  controller,  to  handle  the  receiver  data 
communications  between  the  EMS  receiver  card  and  the  central  computer.  Additionally,  we 
could  use  an  Ethernet  port  to  connect  each  deployed  MACS  to  an  intranet  or  the  internet  and 
establish  a  method  of  remote  control/monitoring  for  numerous  MACS  units  arrayed  in  a  sensor 
network,  as  shown  in  the  picture  below. 
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SYSTEM  OF  MACS  UNITS 


A5.2.8.4  FPGA  Change: 

The  increase  in  input  clock  frequencies  and  the  usage  of  new  Ethernet  IP  cores  in  the  FPGA  may 
necessitate  a  change  in  the  FPGA  to  a  faster  and  perhaps  larger  FPGA.  Specifically,  from  the 
system  block  diagram  on  page  2,  we  see  that  the  FPGA  is  expecting  clock  input  signals  of  up  to 
13.75GHz/64  =  ~215MHz.  While  the  Spartan  3E  component  is  specified  to  be  able  to  handle 
clock  signals  up  to  300MHz,  we  may  want  to  provide  ourselves  with  more  margin  on  this 
parameter.  This  is  still  under  investigation. 

A5.2.9  CH3CN  contamination  findings  on  the  MACS  unit: 

A5.2.9.1  Background: 

At  the  conclusion  of  MACS  Phase  I,  we  observed  two  phenomenon/points  of  weakness  with  the 
system  integrated  as  a  whole:  1)  The  THz  module  frequency  multipher  was  easily  susceptible  to 
electrical  shock,  evidenced  by  the  two  replacement  modules  we  needed  to  procure  for  continued 
proper  operation,  and  2)  Our  attempts  to  purge  gas  samples  from  the  SAPM  were  unsuccessful, 
as  the  unit  detected  a  residue  of  CH3CN  for  weeks  after  exposure  to  a  CH3CN  sample.  We  set 
out  to  investigate  this  at  the  beginning  of  our  phase  n  work. 
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A5.2.9.2  Investigation  and  isolation  of  the  contamination: 


We  received  a  3rd  THz  frequency  multiplier  module  and  replaced  the  damaged  unit  in  the  ST 
MACS  unit  I.  At  the  same  time,  we  also  installed  a  bypass  SMM  (S  APM  Mission  Module).  The 
SMM  is  a  right  angle  tube  with  quick  flanges  welded  on  either  end  (just  like  the  real  SMM  but 
without  sorbent  material  or  heater).  This  allowed  us  to  test  if  the  CH3CN  contamination/residue 
spectrum  lines  would  go  away  when  the  real  SMM  was  removed.  Indeed,  with  the  bypass  tube 
installed  the  residue  lines  did  in  fact  go  away.  Because  the  SMM  contains  the  sorbent  material, 
we  concluded  that  this  was  the  location/source  of  the  contamination. 

Using  the  bypass  SMM,  we  then  connected  the  bottle  containing  our  sample  of  CH3CN  into  the 
MACS  system  and  were  able  to  introduce  enough  of  a  sample  to  give  us  very  large  spectral  lines. 
Once  this  was  done,  we  removed  the  CH3CN  source  and  continuously  cycled  the  SAPM, 
searching  for  CH3CN  spectral  lines.  After  about  5  minutes  the  system  had  leaked  enough  to  raise 
the  pressure  within  the  sample  cell  to  about  10  m-torr  above  minimum  pressure  and  there  were 
stiU  no  traces  of  the  CH3CN.  This  proved  that  the  problem  was  only  within  the  SMM,  and  that 
we  did  not  have  a  condensation  problem  in  the  sample  cell  or  an  issue  with  the  0.5  micron  filter. 
This  helped  further  convince  us  the  issue  is  only  related  to  the  sorbent. 

A5.2.9.3  Possible  system  modifications: 

We  removed  the  buffer  SMM  and  replaced  it  with  the  defective  SMM,  connecting  it  on  one  end 
to  the  MACS  input  and  capping  off  the  other  end  from  the  outside  world  using  various  KF 
adaptors  and  fittings.  Although  we  were  unable  to  run  a  standard  sairple  analysis  script  (because 
the  SMM  was  capped  off),  we  utilized  the  manual  system  commands  to  manipulate  the  SAPM 
analyze  the  SMM.  This  required  us  to  first  pull  a  medium  vacuum  on  the  SMM  and  then  prepare 
the  cell  for  transfer.  We  next  ran  the  “CH3CN  with  no  SAPM”  script  to  look  for  contamination. 
As  the  gas  escaped  from  the  sorbent  material  in  the  SMM  and  entered  the  sample  cell,  we 
noticed  and  increase  in  the  pressure  in  the  cell.  We  were  able  to  see  faint  lines  of  CH3CN. 

Next  we  connected  a  lab  power  supply  to  the  SMM  heater  terminals  so  we  could  elevate  the 
temperature  to  about  150  C  and  release  whatever  gas  was  trapped  in  the  sorbent.  (This  is 
standard  procedure  for  releasing  chemicals  from  a  sorbent.)  As  the  temperature  increased  in  the 
sorbent  tube,  more  CH3CN  was  released,  and  the  spectral  lines  became  larger  and  more 
noticeable. 

By  cycling  the  SAPM  we  were  able  to  see  the  lines  reduce  in  amplitude  as  we  ran  subsequent 
tests  but  they  never  went  away  coirpletely.  We  postulated  that  we  had  not  desorbed  the  material 
fully.  With  the  lab  thermometer  connected  to  the  tube  we  increased  the  voltage  slowly  until  the 
temperature  reached  200  C  (the  required  voltage  was  ~  17.5  and  the  current  ~  0.5A).  The 
contamination  lines  initially  increased  to  about  3  times  the  size  of  the  150  C  experiment.  When 
we  cycled  the  SAPM  and  heater  with  the  elevated  temperatures  the  contamination  almost 
coirpletely  went  away  (but  not  quite  coirpletely).  Encouraged  by  this  result,  we  increased  the 
temperature  to  220  C  which  is  ~  18.4  volts  and  we  finally  baked  off  aU  the  contamination. 
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Once  again  we  carefully  manipulated  the  SAPM  through  manual  control,  pulling  air  across  the 
sorbent  bed,  capping  off  the  input  to  simulate  what  happens  within  a  normal  cycle  when  the 
SMM  is  installed  in  the  box  and  the  temperature  controller  is  performing  to  specification.  The 
residue  disappeared  conpletely. 

A5.2.9.4  Conclusions  and  next  steps: 

We  believe  the  original  heater  never  got  all  of  the  sorbent  material  to  200  C  due  to  its  small 
coverage  area  even  though  we  could  see  local  temperatures  at  200  C.  When  we  switched  over  to 
nichrome  wire  (around  the  SMM)  in  phase  I,  we  produced  uniform  heating  but  the  temperature 
controller  had  a  hmit  of  12  volts  which  kept  the  temperatures  below  150  C.  Both  of  these 
conditions  would  cause  some  or  aU  of  the  sorbent  material  to  hold  on  to  a  portion  of  the  CH3CN 
and  then  release  a  little  during  the  next  cycle.  When  the  temperature  was  driven  uniformly  above 
220  C  the  residual  gas  was  driven  off  eliminating  the  problem.  The  solution  is  to  return  he 
voltage  hmit  back  to  24  volts  and  set  the  temperature  to  220  C.  We  predict  we  wiU  get 
acceptable  performance  from  the  SMM  section  of  the  SAPM. 
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Appendix  A6.1  CC  Hardware 

Motherboard:  Commell  LV-677 

•  Support  Intel  Core  Duo  processor 

•  Onboard  VGA,  one  Intel  Gigabit  LAN 

•  6xUSB2.0,  2  X  Mini-PCI, 

•  18-bit  dual  cbannel  LVDS  interface 

•  Realtek  ALC880  HD  Audio,  serial  ATA 

•  Form  Factor  Mini-ITX  express  motherboard 

•  CPU  Support  Intel  Core  Duo/Core  solo 
Processor 

•  Package  type:  Micro-FCPGA478 

•  Front  side  bus:  533/667MHz 

•  Memory  Two  DDRII  533/667MHz  DIMM 
up  to  3GB  with  dual  channel  Interleaved 
mode 

•  Chipset  Intel  945GM  &ICH7M 

•  Real  Time  Clock  Chipset  integrated  RTC 
with  onboard  lithium  battery 

•  Watchdog  Tinier  Generates  a  system  reset  with  internal  timer  for  1  min/s  ~  255min/s 

•  Power  Management  ACPI  1.0  corrpliant,  supports  power  saving  mode 

•  PCI  Enhanced  IDE  One  44-pin  UltraATA33  IDE  interface  supports  up  to  2  ATAPI 
devices 

•  Serial  ATA  Interface  2  x  serial  ATA  interface  with  150MB/s  transfer  rate 

•  VGA  Interface  Intel  integrated  extreme  GMA950  Technology 

•  Video  Memory  Up  to  224MB  shared  with  system  memory 

•  LVDS  interface  Onboard  18-bit  dual  channel  LVDS  connector 

•  Audio  Interface  Intel  integrated  ICH7M  with  Realtek  ALC880  HD  Audio 

•  LAN  Interface  Intel  82537L  Gigabit  LAN 

•  Solid  State  Disk  IDE  supports  44-Pin  DiskOnModule  with  -i-5  V  power  supply 

•  One  Compact  Flash  Type  II 

•  GPIO  interface  Onboard  programmable  8-bit  Digital  I/O  interface 

•  Extended  Interface  One  PCI  Express  slot  support  xl  &  xl6  add  on  Card 

•  Two  Mini  PCI  socket  to  support  Mini  PCI  Type  III 

•  Inte  rnal  I/O  Ports  RS232  port,  RS232/422/48  5,  shm  EDD  port,  GPIO  port,  CDIN 
connector,  4x  USB  ports,  IrDA  connector,  44-pin  IDE,  LVDS,  Audio  connector 

•  External  I/O  Ports  RJ45  LAN  port,  DB15  VGA  port,  PS/2  Keyboard/Mouse  Port,  2x 
USB2.0  ports,  IEEE1394  port ,  SPDIF  connector.  Parallel  Port,  Audio  Line-out,  Line-in 
and  MIC -in  ports 

•  Power  Requirement  Standard  24-pin  ATX  power  supply  (20-pin  conpatible) 

•  Dimension  170mm  x  170mm 

•  Temperature  Operating  within  0~60  centigrade 
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Processor,  Memory  and  Storage 

•  2  GHz  Intel  Core  2  Duo  Mobile  (Merom)  T7200,  667  MHz  FSB 

•  2  X  1  GB  DDR2  667  MHz  RAM 

•  750GB  3.5"  SATA  Hard  Drive 

Digital  lO  Module 

National  Instruments  PCIe-6536 

•  32  Bit  Parallel  Bus 

•  25  MHz  maximum  clock  rate 

•  100  MB/s  maximum  throughput 

•  Selectable  voltage  levels  of  2.5  and  3.3  V 
(5V  compatible) 

•  Synchronous  and  asynchronous 
(handshaking)  timing  modes 

•  Software  Support 

o  Windows  and  Linux  Drivers 
o  C,  C#,  Lab  View  Support 

Touchscreen  Display 

XENARC  700  TSV 

•  7”  Diagonal  800  x480  Display 

•  5  wire  resistive  touchscreen  with  USB 
interface 

•  LCD  Brightness:  500  cd/rr? 

•  Contrast  Ratio :  400 : 1 

•  Viewing  Angle:  140°  Horizontal,  100° 

Vertical 

•  Operating  Voltage  Range:  DC  1 1 V  ~  24V 

•  Power  Consumption:  <8W 

•  Operating  Temperature:  23 °F  ~  158°F 

•  Storage  Temperature:  -22°F  ~  185°F 

•  Dimension  (in):  7.75W  x4.75H  x  L38D 

•  Weight  (lb):  1.28 
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Appendix  All. 1 

Results  and  Discussion  of  the  Sensitivity  and  Specificity  Tests 

This  docunKtit  (and  its  appendices,  which  provide  additional  detail)  describes  the  results  of  the 
tests  on  the  samples  provided  by  Dr.  Everitt  of  the  MET.  The  evaluation  team  prepared  the 
samples,  watched  over  the  MACS  during  analyses,  timed  the  processes,  etc.  The  details  of  this  are 
contained  in  their  own  report. 

Results  in  the  format  provided  by  the  MET  are  contained  in  Appendix  C. 

I.  Final  results  of  the  sensitivity  test 

We  chose  to  monitor  10  hues  (for  redundancy)  of  deuterated  acetonitrile.  Eigure  1  shows  a 
picture  of  these  10  lines  for  a  mixture  of  89  ppt,  provided  by  mass  flow  controllers. 


controllers.  Integration  time  per  bin  is  105  ms. 
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A.  Numerical  analysis:  A  straightforward  LSQ  fit  to  a  intensity  calibrated  synthetic 
spectrum  provided  a  concentration  of  47.4  +  0.9  for  our  sensitivity  run  in  arbitrary  units.  When 
the  sample  is  cahbrated  via  the  mass  flow  controlers,  we  obtain  89  +  1.9  ppt.  Blanks  (a  full  data 
collection  run  with  the  same  sairple  capture  for  the  SAPM,  except  that  the  dilute  sairple  flow 
was  removed  from  the  Mass  Flow  Controllers)  were  run.  These  runs  returned  results  that  were 
consistent  with  zero,  to  within  the  calculated  uncertainty. 

From  these  results,  it  is  possible  to  plot  the  ROC  shown  in  Fig.  2.  Because  of  the  large 
number  of  independent  channels  in  the  spectral  signature,  the  resultant  ROC  is  very  favorable. 
As  a  result,  if  the  ROC  were  plotted  in  the  usual  fashion,  to  within  the  graphical  presentation  the 
curve  would  simply  run  along  the  axes  of  the  plot.  To  make  deviation  from  the  ideal  observable, 
we  have  used  logarithmic  axes  and  plotted  concentrations  far  smaller  than  the  100  ppt  of  the 


GNG  requirements. 

B.  Alternative,  simple  analysis:  Because  beheving  statistics  can  be  an  overly  aggressive 
means  of  estab fishing  system  sensitivity  in  an  environment  in  which  there  could  be  systematic 
error,  we  offer  here  an  alternative  ‘back-of-the  envelope’  approach  based  on  a  visual  inspection 
of  the  data  shown  in  Fig.  1.  The  signal  to  rms  noise  of  these  fines  is  ~10.  But  in  each  fine  there 
are  many  bins  (we  could  increase  the  apparent  S/N  in  the  figure  by  integrating  over  adjacent 
bins).  If  we  say  that  10%  of  the  1000  bins  have  significant  spectral  strength  (100  bins  for  round 
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numbers),  integrating  over  these  for  detection  increases  this  S/N  from  10  to  100.  This  rough 
calculation  is  consistent  with  the  numerical  analysis  above. 

II.  Final  results  of  the  specificity  tests 

For  these  tests,  the  gas  mixtures  were  ingested  into  the  system  and  the  spectrometer  interrogated 
each  of  six  frequencies  for  the  spectral  signature  associated  with  the  31  gases  -  a  total  of  ~1  80 
‘snippets’.  This  was  done  for  3  separate  mixtures.  Mixture  1  is  described  Table  1  and  Mixtures  2 
and  3  in  Appendix  B.  The  figure  below  Table  1  shows  the  snippets  that  are  associated  with 
Mixture  1.  During  the  analyses,  the  spectral  lines  associated  with  each  snippet  appear  in  real  time 
as  the  spectrometer  samples  each  snippet.  Appendix  C  contains  this  information  in  the  MET 


Unknown  1;  1  miorr  9  mtoir  air  f 

&/23/0B  15:12 


Code 

Name 

LSQ 

ERR 

FoM 

Result  1 

Result  2 

G^3  :  6/12 

Cvanide  {HCN] 

0.000285 

0.000012 

24.1 

103 

Cyittogen  Chiiifide.  (CICN") 

0.000005 

0.000009 

0.6 

21 

Cyiitiogen  Bnimide  (DrCX) 

0.000001 

0.000012 

0.1 

24 

Acetiinilrile  (€11101") 

0.082716 

0.000135 

510.8 

0.0827 

0.0827 

1.36 

19 

Carbonyl  SiLiriLl-B  (OCS) 

0.000000 

0.000048 

0.0 

22 

Wirthy]  FLtituriilti  (CILiF) 

0.037487 

0.000110 

341.7 

0.0375 

0.0375 

1.39 

25 

Mellty]  Chloride  (CHiC!) 

-0.000180 

0.000066 

2.7 

9 

Acrylofiitrile  (C;H^CN) 

0.084564 

0.000185 

455.2 

0.0846 

0.0846 

1.28 

12 

Sulfur  Dios.ide  (SOi) 

0.073111 

0.000207 

353.9 

0.0731 

0.0731 

1.35 

15 

DichloicittieiihiitLe  (CILiC];) 

0.000125 

0.000099 

1.3 

29 

Melhy]  ICNiide  (CHiI) 

0.141031 

0.000346 

407.9 

0.1410 

0.1410 

1.09 

25 

Molhy]  Btooiide  (CIl  iBr] 

0.104535 

0.000254 

412.2 

0.1045 

0.1045 

1.24 

B 

DinuorCMnoihiiiie  (CEJsFi) 

0.000076 

0.000152 

0.5 

49 

Elbyltine  0\ide  (CjH^O) 

-0.000147 

0.000169 

0.9 

52 

Trifluorcirnelhaiie  (CHF.i) 

0.095300 

0.000305 

312.2 

0.0953 

0.0953 

1.37 

34 

Atroleb  (CiIIjO) 

0.070891 

0.000230 

307.6 

0.0709 

0.0709 

1.21 

53 

PropiouLlrile  (C;H50') 

0.084551 

0.000222 

301.5 

0.0846 

0.0846 

1.41 

105 

Pyridine  (CsIIsN) 

-0.000025 

0.000144 

0.2 

13 

EJ  Dinuoraedione  (CIL’CFj') 

0.070820 

0.000311 

227.4 

0.0708 

0.0708 

1.28 

5B 

Visyl  Fluoride  CC?Il3F) 

0,052326 

0.000266 

195.8 

0.0523 

0.0523 

1.31 

11 

Vinyl  Chloride  (C?IhCI) 

-0.000357 

0.000269 

1.3 

35 

Ojeliine  (CjHisO) 

-0.000244 

0.000314 

0.8 

54 

E,].,  t  Trifluoroelhane  (CjIIiFj) 

0.000066 

0.000214 

0.3 

23 

Propyoe  (CjH4) 

0.000396 

0.000341 

1.2 

52 

Carbonyl  Fluoride  (COF:) 

0.003010 

0.000489 

5.2 

35 

Thictnne  {(CEI-):S) 

-0.000284 

0.000495 

0.6 

5 

MtJlhy]  mercapiau  (ClijSEi) 

-0  000324 

0.000604 

0.5 

31 

Methyl  isocyanate  (CEJ-.NCO) 

-0.000361 

0.000531 

0.7 

2 

Methanol  (Cil^Oil) 

0.000034 

0.000466 

0.1 

57 

Thionyl  fluoride  (F-SO) 

-0.000974 

0.000586 

1.7 

40 

Vmy]  bromide  (Ctl  OIBrl 

0.083776 

0.000593 

141.3 

0.0838 

0.0838 

1.19 

101 

1,2  dichloriiethinc  (CdUCI^) 

0.090298 

0.000896 

100.7 

0.0903 

0.0903 

1.52 

r  1.0714  ;  1.0714  ’ 

Table!.  Results  for  the  analysis  of  a  1  mTorr  sample  of  unknown  mixture  #1.  See 
text  for  comments  on  gases  104  and  62. 


report  format. 
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As  we  will  show  below,  MACS  is  highly  specific  (>>0.9999)  for  the  identification  of  the  gases 
introduced  into  the  mixture  if  there  is  no  reaction  among  the  gases  in  the  mixture.  However,  as 
we  will  show  in  some  detail,  reactions  do  occur. 


Snppets  from  Mixture  1. 


A.  Analysis:  Since  these  results  are  quantitative,  we  should  look  at  the  LSQ 
column  (In  units  of  mTorr-  note  that  making  this  column  be  In  absolute  pressure  Is  a 
relatively  recent  software  addition).  If  all  of  the  gases  had  been  filled  at  the  same  partial 
pressure,  undergone  no  chemical  reactions,  and  no  wall  absorbance  in  the  fill  system  or 
bulbs,  then  all  of  the  gases  present  in  the  mixture  would  have  the  same  concentration 
and  the  other  gases  in  the  library  would  have  concentrations  statistically  consistent  with 
zero. 

For  Unknown  1 ,  we  note  that  there  is  a  cluster  of  values  around  0.06  mTorr  In  the 
LSQ  column  and  that  the  partial  pressures  add  to  1 .07  mTorr.  -  very  close  to  the 
nominal  gas  pressure  introduced  into  MACS  for  this  analysis.  The  columns  labeled 
‘Result  1’  and  ‘Result  2’  contain  concentration  values  only  If  they  meet  the  criteria  which 
we  established  in  an  effort  to  make  clearer  our  analysis  of  the  bulb  chemistry.  For 
‘Result  2’,  the  single  criterion  is  that  the  value  for  the  partial  pressure  is  greater  than 
0.015  mTorr.  This  is  an  attempt  to  select  only  those  gases  whose  concentrations  are 
roughly  appropriate  for  a  gas  that  was  placed  in  the  bulb  and  for  which  modest  chemical 
or  wall  reactions  have  occurred.  These  are  labeled  as  ‘yes’  on  the  MET  form  in 
Appendix  C.  ‘Result  T  is  a  column  with  the  criteria  that  the  concentration  be  above 
0.0015  mTorr  and  the  Figure  of  Merit  (FoM)  be  greater  than  10  (The  FoM  is  related  to 
the  uncertainty  in  the  calculated  concentration,  but  is  a  complex  function  because  we 
must  allow  for  the  fact  that  in  addition  to  system  noise,  we  do  not  have  perfect  intensity 
calibration  for  the  strong  spectral  lines).  This  lower  threshold  is  set  to  still  provide 
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strong  confidence  that  the  sample  was  in  the  mixture  bulb,  but  to  include  smaller 
concentrations  that  were  also  in  the  mixture  bulb  -  either  because  chemistry  reduced  a 
concentration  from  its  initial  fill  partial  pressure  or  because  the  species  was  a  byproduct 
of  a  reaction.  For  Mixture  #1 ,  these  two  different  criteria  provide  the  same  list. 

However,  for  Unknown  Mixtures  2  and  3,  there  was  considerable  bulb  chemistry  and  the 
two  columns  are  not  the  same. 

Additionally,  on  the  far  right  there  is  a  column  (6/23:6/12)  that  provides  the  ratio  of 
the  ‘Results’  columns  for  two  runs  that  were  separated  by  1 1  days  June  23  and  June  12 
(the  June  12  Table  is  not  reproduced  here,  but  is  similar  to  the  June  23  data  shown  in 
Table  1 ).  This  is  to  provide  the  MET  with  some  measure  of  the  long-term  stability  of  the 
samples.  This  ratio  is  quite  close  to  1 .3  (a  number  determined  by  the  details  of  the 
amount  of  gas  sampled),  as  is  the  sum  of  the  partial  pressures.  A  closer  inspection 
shows  that  CH3I  has  decreased  by  about  20%  during  these  1 1  days  -  a  result 
consistent  with  the  lesser  stability  of  iodine  compounds.  The  second  point  here  is  that 
the  system  very  accurately  assesses  the  absolute  concentrations  -  limited  primarily  by 
the  gas  fill  and  chemistry. 

In  addition  to  the  runs  at  1  mTorr,  we  did  runs  at  a  higher  pressure,  ~10  mTorr.  This 
was  to  provide  additional  information  about  mixture  bulb  chemistry  and  to  show  that 
some  of  the  smaller  concentrations  reported  here  came  from  the  mixture  bulbs  rather 
than  outgassing  of  our  system.  Although  we  do  not  reproduce  these  tables  here,  for 
each  of  the  gases  we  report  observing,  their  signals  increased  appropriately  (the  ~10 
mTorr  runs  are  not  as  quantitative  as  the  1  mTorr  runs)  -  showing  that  the  observed  gas 
originated  in  the  mixture  bulb. 

The  HCN  is  interesting.  In  both  of  the  1  mTorr  and  10  mTorr  runs  on  6/12/08  it  is 
absent  both  in  the  statistical  analysis  and  in  a  visual  inspection  of  the  spectra. 

However,  1 1  days  later  it  is  clearly  present  in  the  ‘10’  mTorr  sample  and  marginally 
present  in  the  1  mTorr  sample.  However,  we  see  that  its  concentration  is  about  200 
times  smaller  than  for  ‘full  fill’  gases.  We  view  this  as  clear  evidence  that  HCN  was  a 
product  of  the  reactions  in  the  bulb  over  the  1 1  day  period.  On  the  MET  form,  we  have 
listed  this  as  ‘trace’.  However,  in  Table  1  we  have  left  its  entry  blank  because  it  did  not 
meet  our  criteria. 

The  other  gas  that  merits  special  mention  is  F2CO.  If  one  inspects  the  spectra  for 
the  more  sensitive  ‘10’  mTorr  runs,  it  is  clearly  present  on  both  6/12/08  and  6/23/08. 

The  1  mTorr  runs  are  consistent  with  this,  but  less  certain.  From  the  quantitative 
analysis,  we  conclude  that  it  was  present  in  about  the  same  concentration  on  both 
dates,  but  in  a  concentration  that  was  down  by  a  large  margin  from  a  standard  fill.  We 
speculate  that  this  was  either  due  to  air  being  present  in  the  reservoir  bulb  used  to 
make  the  mixture  or  that  air  was  later  introduced  into  the  mixture.  Of  course,  these 
results  are  also  consistent  with  F2CO  not  being  one  of  the  original  fill  gases,  but  rather 
being  due  to  a  reaction  that  quickly  went  to  completion,  thus  preserving  the  same  small 
concentration  over  the  1 1  day  period.  For  the  MET  form,  we  have  listed  this  as  ‘trace’, 
but  again  we  do  not  include  it  in  Table  1  because  it  did  not  meet  our  criteria. 

Specificity: 

If  we  were  to  run  the  same  samples  many  times,  the  results  would  be  the  same  to  within  the  noise 
of  the  system.  Spectral  line  frequencies  do  not  change  -  they  are  set  by  quantum  mechanics,  and 
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the  clock  in  our  system  provides  orders  of  magnitude  overkill  on  the  spectrometer  frequencies. 
While  it  would  be  possible  to  invoke  strategies  similar  to  that  used  above  in  the  sensitivity  test  to 
provide  a  ROC  for  the  specificity  test,  since  the  signals  are  stronger  here  and  since  whatever 
clutter  problems  there  are  will  never  change,  we  would  get  even  a  better  ROC  than  shown  in  Fig. 

2. 

B.  Analysis  of  synthetic  mixtures. 

One  means  of  overcoming  the  sample  reactivity  issues  -  thus  overcoming  the  ambiguity  of 
the  sample  mixtures  -  is  to  make  a  synthetic  mixture  via  computational  techniques.  Accordingly, 
the  libraries  prepared  on  the  system  were  provided  to  the  MET.  The  MET  subsequently  selected 
gases  and  concentrations  and  made  mixtures  in  software.  These  should  be  representative  of  what 
would  be  observed  by  the  system  if  there  were  no  chemical  reactions. 

Although  we  do  not  know  what  the  MET  did,  we  encouraged  them  to  modify  the  libraries 
provided  by  us  before  preparing  the  mixtures  to  account  for  the  fact  that  our  system  and  its 
hbraries  will  not  have  perfect  absolute  intensity  calibratioa  As  we  have  noted,  this  intensity 
information  is  an  extremely  powerful  analysis  tool.  Again,  we  suggested  that  they  consider 
modulating  the  overall  library  intensity  on  a  scale  that  is  broad  in  comparison  to  the  linewidth  (< 

1  MHz)  and  narrow  in  comparison  to  the  spectral  interval  of  the  spectrometer  (60000  MHz). 

Although  the  spectra  of  the  ‘mixtures’  provided  to  us  by  the  MET  included  the  full  60  000 
MHz  bandwidth  of  the  system,  we  elected  to  consider  only  the  spectra  within  the  much  narrower 
windows  which  we  would  have  sampled  had  we  been  using  the  MACS  spectrometer.  This  allows 
us  to  provide  the  information  in  the  same  format  as  used  for  the  display  of  the  results  from  the 
real  mixtures. 

There  are  two  sets  of  synthetic  spectra:  The  ones  from  the  mixtures  provided  to  us  recently, 
and  the  earlier  mixtures  that  were  provided  to  us  as  a  part  of  the  early  demonstration.  The  results 
from  these  analyses  have  been  entered  into  the  MET  forms  in  Appendix  C.  Here  we  provide 
additional  commentary.  The  first  three  mixtures:  A,  B,  and  C  are  from  the  most  recent  MET 
mixtures.  The  last  four  Mixtures:  325a,  325b,  403,  and  407  are  from  the  earlier  preliminary 
demonstration. 
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Sample2008_06_05_A.bct 


Code 

Name 

LSQ 

LSQ  err 

FoM 

Result 

104 

E!ydrojit:n  Cyanide  HICN) 

1.001604 

0.001886 

531.1 

1.0016 

103 

C\iLii'!Jgeri  Chloride  (CICN) 

0.999708 

0.001497 

567.7 

0.9997 

21 

Cyanogen  Broniidc  (OrCN) 

1.000429 

0.001626 

515.3 

1.0004 

24 

7\ootG!nitrile  ^  CIl  lOT) 

1.010134 

0.001666 

606.3 

1.0101 

19 

Ciirbomi  Sulfide  (OCS) 

0.993791 

0.002406 

413.0 

0.9938 

22 

Meihyl  FluondefCH^F) 

1.000127 

0.002340 

427.4 

1.0001 

25 

Meibyl  Chloride  (ClhCl) 

1.006531 

0.002044 

492.4 

1.0065 

9 

Acryloniirile  (C?[rCM) 

1.005205 

0.002006 

501.1 

1.0052 

12 

Sulfui  Dioxide  (SO?) 

1.012727 

0.002464 

411.0 

1.0127 

15 

DichlOmrTielhiine  (CiDClO 

0.998912 

0.002022 

494.0 

0.9989 

29 

Melbyl  Iodide  (CH-d) 

1.000772 

0.002299 

435.3 

1.0008 

26 

Methyl  Bromide  (CH^Br) 

0.999694 

0.002136 

468.0 

0.9997 

B 

DifluorufneduLne  (CE!?F?) 

1.001115 

0.002507 

399.4 

1.0011 

49 

Ethylene  Oxide  (C^EI^O) 

1.010089 

0.002564 

394.0 

1-0101 

52 

TnfluortjrnreLhuue  (CIlF^) 

0.994390 

0.002442 

407.3 

0.9944 

34 

Acrokin  (C  dl^O) 

1.010964 

0.002337 

432.7 

1.0110 

63 

Propionilrile  fC^IBCX) 

1.013344 

0.002158 

469.5 

1.0133 

106 

Pyridine  (C^IPN) 

1.005505 

0.001586 

534.1 

1.0055 

13 

L  ^  J  Diil  uoroedie  nc  (C 1 1 C  F  ^ ) 

1.007539 

0.002706 

372.3 

1.0075 

58 

Vinyl  Fluoride  (Cil3F> 

1.003076 

D.002578 

389.1 

1.0031 

11 

Vinyl  Chloride  (C?H>C[) 

0.997825 

0.002470 

404.0 

0.9978 

35 

OxeiiUie  (C  dFO) 

1.014750 

0.002622 

387.0 

1.0148 

54 

L  J  4  Tri  n  no  ro  ethane  CC  ?1 1  j) 

0.995145 

0.001757 

566.4 

0.9951 

23 

Propyiie  (Cdl-i) 

1.012516 

0.002680 

377.8 

1.0125 

62 

Carbonyi  Fluoride  (COF-) 

0.993736 

0.002920 

340.3 

0.9937 

36 

Thiclanc  ((CH-);S) 

1.004098 

0.002812 

357.1 

1.0041 

5 

Meihyl  meruapliin  (Cl  I  S  I  I) 

0.980649 

0.002856 

343.3 

0.9806 

31 

Methyl  isocyanate  (CB.NCO) 

1.016514 

0.002776 

366.2 

1.0165 

2 

Methanol  (CII  OH) 

1.049101 

0.002706 

387.7 

1.0491 

57 

Thionyl  fluoride  (F  SO) 

0.971181 

0.002881 

337.1 

0.9712 

48 

Vinyl  bromide  (CH  ClIDr) 

0.999291 

0.002789 

358.2 

0.9993 

101 

L,2  diebJorevethane  (C:Il-iCl?) 

1.024067 

0.003187 

321.3 

1.0241 

32.1345 


Sample  Mixture  A 


For  Sample  Mixture  A,  we  conclude  from  the  Result  column,  that  all  gases  were  present  in  this 
mixture  in  equal  quantity.  W e  presume  that  the  small  variation  around  1 .0  comes  from  the 
suggested  intensity  modulation. 
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5ample200S_06_05_B.txl 


1 

Code 

Name 

L5Q 

LSQ  err 

FoM 

Result 

1Q4 

1  Cydjiide  { [  ICN) 

1.002670 

0.001891 

530.3 

1.0027 

103 

Cyii[ioj>e[L  Ch!iiridje  (CLCNT) 

1.000694 

0.001493 

570.3 

1.0007 

21 

Cyiiciuyen  Bromide  (DrOi') 

1.000583 

0.001625 

515.1 

1.0009 

24 

Aceiiini  Irlle  (CHiCX) 

0.003247 

0.000015 

215.7 

0.0032 

CarbonyL  Siiiriil*  (OCS) 

0.000545 

0.000032 

15.8 

22 

Meltiy]  FlLuoriile  (CIIjF) 

1.000006 

0.002354 

424.9 

1.0000 

25 

Mfiltiy]  Cliloride  (CIIjCI) 

0.004968 

0.000047 

104.6 

0.0050 

0 

Acry]0[Li[ri!e  (CiH  jCN) 

1.005986 

0.001820 

552.9 

1.0060 

12 

SulfLir  Dioxide  (SOj) 

0.005668 

0.000069 

02.3 

0.0057 

15 

DichloiocHettuicLe  (C!l7C];) 

0.000492 

0.000072 

5.8 

20 

Meltiy]  Iodide  (CELd) 

0.003078 

0.000103 

29.9 

25 

Meiliy]  Qromide  (ClfiBrl 

0.001357 

0.000081 

15.7 

& 

DinLiomttielhiuie  (CEI:F2) 

-0.001300 

0.000096 

13.6 

40 

Cihyiene  Oxide 

1.004948 

0.002464 

407.8 

1.0049 

52 

TfinLitirOiTieLEULne  (CEIFj) 

-0.002403 

0.000166 

14  5 

34 

Acrolein  (C)IDO] 

0.002878 

0.000123 

23.4 

53 

PfOpiofiilrile  (C-illjCS’) 

0.003694 

0.000107 

34.4 

106 

Pyridine  (CdLsN) 

1.007742 

0.001512 

556.3 

1.0077 

13 

tj  DiflLiOrOcthcne (Cl E^CFj] 

0.004884 

0.000169 

25.9 

50 

Mnyl  Fliitiride  (CdljF) 

0.994527 

0.002410 

412.7 

0.9945 

11 

\1nylChlaride(C?irjCI) 

1.003384 

0.002466 

405.9 

1.0034 

35 

Oxetane  (CjIIiO) 

0.003672 

0.000299 

12.3 

54 

tJ^.E  TriGyiifoeihaaie  fCdllF^) 

0.989033 

0.001697 

502.7 

0.9890 

23 

PrtDpyne  (Cdl-i) 

1.002802 

0.002649 

370.6 

1.0028 

52 

Carbonyl  Fluoride  (COF-  ) 

-0.001199 

0.000327 

3.7 

36 

Thictanc  [(CEI-jiS) 

-0.004264 

0.000348 

12.3 

6 

Mnbiy]  sneiuLipLLicL  (ClI-.SEI) 

-0.015366 

0.000511 

30.1 

31 

Methyl  isocyanate  (ClI  NCO) 

1.003372 

0.002227 

450.6 

1.0034 

2 

Methanol  (CIIjOH) 

0.039452 

0.000347 

113.5 

0.0395 

57 

ThionyS  fluoride  (F^SO) 

1.014731 

0.002957 

343.2 

1.0147 

40 

Vinyl  bromide  (Cn  CflBr) 

-0.000666 

0.000358 

2.5 

101 

1,2  dichlorQelhajie  (C;Il4CL] 

1.011802 

0.002838 

355.5 

1.0118 

14.0959 


Sample  Mixture  B 


In  this  mixture  we  have  14  clear  hits,  all  of  which  have  concentrations  near  1.  In  addition  we 
have  four  others:  24,  25,  12,  and  2  that  we  list  for  completeness.  Inspection  of  the  spectrum 
shows  that  24  is  indeed  present  (and  is  labeled  as  ‘T’  in  the  MET  forms  in  Appendix  C),  but  that 
25,  12,  and  2,  with  lower  figures  of  merit  are  not.  Although  it  is  speculation,  we  believe  that  the 
small  amount  of  gas  24  that  is  present  is  a  result  of  small  (and  probably  individually  difficult  to 
observe)  contaminations  of  gas  24  in  the  library  spectra  of  several  of  the  gases  that  were  included 
in  the  mixture.  When  added  together  these  become  observable  because  of  the  randomness  of  the 
noise  in  the  14  library  gases. 
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Voft^Di  |V1 


iVa  3401  341^1  3411^4  3401  i4tf* 


Spectral  data  for  sample  mixture  B 


Sample20a8_06_a5_C  .bet 


Code 

Name 

LSQ 

LSQeir 

FoM 

Reeult 

104 

[Ivdfpge-i  Cyanide 

-0.000010 

0.000005 

1.9 

103 

CyiriOfteri  Chlcnride  (CICN) 

0.000097 

0.000004 

25.1 

21 

CviiriOfieci  Bromide  (DrCN’) 

-0.000075 

0.000005 

15.4 

24 

AceiLraiirile  (CILiCX) 

0.001259 

0.000009 

147.1 

0.0013 

19 

Carbonyl  Soiridi;  (OCS) 

0.005472 

0.000025 

217.6 

0.0055 

22 

Melhy]  Fliroride  ^CILhF) 

0.050227 

0.000123 

409.6 

0.0502 

25 

Methy]  Chloride  (CHiCI) 

0.000240 

0.000028 

B.7 

9 

Acrylonitrile  (C^HjCN) 

0.000170 

0.000030 

5.7 

12 

Sulfur  DiOH-idc  (SO2) 

-0.000713 

0.000041 

17.4 

15 

DiohloiotFietiian-e 

0.000060 

0.000041 

1.5 

29 

M^dhy]  iLMlide  (CHjI) 

0.201021 

0.000458 

439.1 

0.2010 

26 

Mclhy]  BrOrnide  (CILiDr) 

-0.001482 

0.000047 

31.7 

B 

Difluoromclhiijie  (CEl,’?]) 

0.701364 

0.001750 

400.8 

0.7014 

49 

EChylene  0.\ide(C;H^O) 

0.002725 

0.000101 

26.9 

52 

Trsnuoromcltume  (CHI-j) 

-0.000895 

0.000079 

11.4 

34 

Acroleiri,  (C]iII4I>]| 

0.000913 

0.000068 

13.4 

63 

Propionilfile  [CjH^CX) 

-0.001081 

0.000061 

17  8 

106 

Pyridine  (C^inNl 

0.000851 

0.000059 

14.3 

13 

IJ  Dinuoruethcrte:  (CII.;CF2) 

-0.000498 

0.000097 

5.1 

5B 

\1nyrFluoride(C?II.HF) 

0.001023 

0.000094 

10.9 

11 

\1rty I  Chloride  (CliriCI) 

-0.002339 

0.000111 

21.1 

35 

0;ietLne  (CjII(=01 

0.608817 

0.001241 

490.4 

0.6088 

54 

1  ^  1  TriEuOfuelhane  (C  :I  [  iF  j) 

0.000416 

0.000086 

4.8 

23 

Propyne.  (ClIU) 

-0.000638 

0.000134 

4.8 

62 

Carbonyl  Fluoride  (COF:-) 

0.000180 

0.000189 

1.0 

36 

Thictanc  t(CEI  ):S) 

0.000702 

0.000208 

3.4 

6 

Melhy]  niercaplan  {CILSEI) 

-0.000220 

0.000262 

0.8 

31 

Methyl  isocyanate  (CELNCO) 

0.006362 

0.000236 

27.0 

2 

Methanol  (CfLOEI) 

0.000613 

0.000192 

3.2 

57 

Thionyl  fluoride  (F-SO) 

-0.006669 

0.000228 

29.2 

4B 

Vmy\  bromide  {CILCIIBr] 

0.497116 

0.001238 

401.4 

0.4971 

101 

i^2  diclilortieiJiMe  (CilhCI:] 

1.012690 

0.002023 

500.5 

1.0127 

3.0780 


Sample  Mixture  C 
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Mixture  C  is  a  more  interesting  mixture,  with  a  much  wider  variety  of  concentrations.  101,  48, 

35,  8,  29,  22,  and  19  are  clearly  in  the  mix  with  concentrations  that  vary  from  1.01  down  to 
0.055.  Gas  24  is  also  clearly  in  the  spectroscopic  signature  as  well,  but  we  are  suspicious  that  this 
is  due  to  the  library  contamination  discussed  in  mixture  B,  rather  than  it  being  introduced  in  a 
concentration  of  0.0013.  Again,  we  label  it  at ‘T’  in  Appendix  C. 


Spectra  from  sample  mixture  C 
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Sample(}325a 


Code 

Name 

LSQ 

LSQarr 

FoM 

Result 

104 

( lydroiiiiTi  Cyanide  (HCK) 

1.019273 

0.001913 

532.8 

1.0193 

103 

CviEiOisen  Chloride  (CICN) 

0.996759 

0.001496 

666.2 

0.9968 

21 

C>iiEiu>feEi  Bromide  (DrCN) 

1.000432 

0.001625 

515-5 

1.0004 

24 

Aweii^nilrilc  (CKCN) 

1.023779 

0.001680 

509.3 

1.0238 

10 

Carbonyl  Sulfide  (OCS) 

0.994932 

0.002405 

413.6 

0.9949 

22 

Methyl  Fluoride  ( Cl  I  iF) 

1.002626 

0.002352 

425.4 

1.0026 

25 

Meihy]  Chloride  (Cl !  Cl) 

1.003058 

0.002039 

492,0 

1.0031 

9 

Aerylomtiile  (C^EliCN) 

0.995763 

0.001986 

501.5 

0.9958 

12 

Sulfur  Dioxide  (SO^) 

1.017737 

0.002434 

418,2 

1.0177 

15 

Dichlororaethane  (ClFClO 

1.000694 

0.002021 

495.2 

1.0007 

29 

Meihyl  Iodide  (Cl hi) 

0.999957 

0.002298 

435.1 

1.0000 

25 

Methyl  Bromide  (CHiDr) 

1.000342 

0.002136 

468-4 

1-0003 

6 

Di  11  uorOTTiethiine  (C 1 1  ■  F  ?) 

1.000212 

0.002503 

399.6 

1.0002 

49 

Eiliylene  Oxide  (CH  1^0) 

1.005311 

0.002557 

393.1 

1.0053 

52 

Trill uoToriKTEliuji^  (CtiFi) 

0,992120 

0.002427 

408-8 

0-9921 

34 

Aeroleiu  (CdlCl 

1.023526 

0.002233 

456.4 

1.0235 

63 

Propiouilri  le  (C :"  [  F  CN) 

1.014319 

0.002013 

504.0 

1-0143 

106 

Pyridine  (C  :*1 1  ^N) 

1.009963 

0.001580 

639.2 

1.0100 

13 

1 , 1  Difluoroedie  lie  (Cl  1 CF  j  ) 

1.002462 

0.002691 

372.5 

1.0025 

56 

Vinyl  Fluoride  (Ci-IlsF) 

1.001073 

0.002577 

388-5 

1.0011 

11 

V-yl  Chloride  (C^IhCl) 

0.999181 

0.002453 

407.4 

0.9992 

35 

Oxeiiine  (C  dhO) 

1.015023 

0.002645 

383-8 

1-0150 

54 

t,]jl  Trill uuroclhune  (CdliF>) 

0.996287 

0.001760 

565-6 

0-9953 

23 

Propyue  (C  d  1  -t) 

1.010906 

0.002664 

379.4 

1.0109 

52 

Carbonyl  Fluoride  (COF  ) 

-0.009907 

0.000384 

25,8 

35 

Thietanc  ((QI  ),S) 

-0.000192 

0.000524 

0.4 

5 

Methyl  mereapLiin  (CIT  SlI) 

-0.021281 

0.000613 

34.7 

31 

Methyl  isocysmaic  (CtlNCO) 

-0.000371 

0.000526 

0.7 

2 

Methanol  (CII  Oil) 

0.019002 

0.000450 

42.2 

57 

TJlionyl  flnoridc  (F  SO) 

-0.016569 

0.000482 

36.5 

48 

Vlnyl  bromidc  (CHdIBr) 

0,002327 

0.000442 

5.3 

101 

tJ2  dichloriieihiine  (CdICF) 

0.028003 

0.000832 

33.7 

24,1247 


Mixture  325a 


This  is  one  of  the  early  demonstration  mixtures.  Clearly  the  first  24  gases  are  present  and  none  of 
the  last  8. 
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104 

Eli'driigeia  Cyanide  {EICNl 

0.991670 

0.001852 

535.6 

0.9917 

103 

Cyici-ageci  Chluride  (ClCNl 

0.992684 

0.001483 

669.2 

0.9927 

21 

Cyanogert  Bnimide  (DrCX) 

0.999744 

0.001625 

615.4 

0.9997 

24 

AteEiirulrile  (CHjO') 

0.980916 

0.001621 

605.0 

0.9809 

19 

Carbonyl  Sul  fide  {OCS) 

1.002069 

0.002418 

414.4 

1.0021 

22 

MtJlhy]  Fluoride  (Ci  E^F) 

0.999775 

0.002344 

426.6 

0.9998 

25 

Melhy]  Chloride  (CHC!) 

0.999731 

0.002032 

492.1 

0.9997 

9 

AorylociiErile  (CjEI^CN) 

0.938512 

0.001862 

504.1 

0.9385 

12 

SuLfuj  Dioxido  (SOj] 

0.957560 

0.002347 

407.9 

0.9576 

15 

DLOhloromeEhan.*  (C3I.''C];) 

0.980461 

0.001977 

496.0 

0.9805 

29 

MelEiy]  Iodide  (CH]I) 

0.997639 

0.002289 

435.9 

0.9976 

26 

Molhy]  QrOmide  (ClljUrl 

1.000799 

0.002134 

460.9 

1.0008 

B 

Dinuorornelhajie  (CEI^F;) 

0.999305 

0.002497 

400.2 

0.9993 

49 

Ediylene  Oxido 

1.001525 

0.002540 

394.4 

1.0015 

52 

TrinuOruccwlhiine  (CEIFa] 

0.999803 

0.002437 

410.2 

0.9998 

34 

AtTOlem  (CalfdO] 

0.809554 

0.002014 

402.0 

0.8096 

63 

Propioudrile  (C^EI'Os) 

0.859128 

0.001788 

450.4 

0.8591 

106 

Pyridine  (CsIhN] 

1.004116 

0.001557 

645.0 

1.0041 

13 

L,]  DinuoroeLhom;  (Cil^CFil 

0.996402 

0.002672 

372.8 

0.9964 

50 

\1nyl  Fluoride  [C;I[jF) 

0.998715 

0.002560 

390.2 

0.9987 

11 

Mnyl  Chloride  (C?IhCI) 

0.951176 

0.002393 

397.4 

0.9512 

35 

0:teiaiie  (Cjn>OJ 

1.005122 

0.002599 

306.7 

1.0051 

54 

t  J^.1  Trinuoroethane  (CdljFj) 

0.994816 

0.001749 

565.8 

0.9948 

23 

Propyne  (CjI|4) 

0.996972 

0.002617 

351.0 

0.9970 

62 

Caibony]  Fluoride  (COF:) 

-0.003067 

0.000170 

15.1 

36 

Thictanc  |(CEI-3:S) 

0.006496 

0.000224 

29.1 

6 

Meihy]  ineruapucHClLSH) 

0.000015 

0.000216 

0.1 

31 

Methyl  isQcyanalo  (CELNCO) 

-0.000744 

0.000223 

3.3 

2 

Methanol  (CKjOH) 

0.001985 

0.000180 

11.0 

57 

Thiony]  fluoride  (F  SO) 

0.004839 

0.000213 

22.7 

40 

Mny]  bromide  {Cll  ClIDr) 

0.000142 

0.000183 

0.8 

101 

L^,  dichloro^ihine  (C?Il4CI?) 

-0.013304 

0.000309 

43.1 

23.4582 


Mixture  325  b 


This  is  one  of  the  early  demonstration  mixtures.  The  first  24  are  in  the  mixture.  AU  but  two  of 
these  have  concentrations  very  close  to  one,  with  the  difference  attributable  to  the 
aforementioned  intensity  modulation.  34  and  63,  however,  have  concentrations  that  are  smaller 
by  15%  and  20%,  respectively.  While  it  is  possible  that  this  is  due  to  intensity  modulation,  it 
seems  more  likely  to  be  due  to  a  small,  but  real  concentration  variation. 
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Code 

Name 

LSQ 

LSQ  err 

FoM 

Result 

104 

Elvdriigei!  Cy£uai(la{EICN] 

0.000405 

0.000005 

62.5 

103 

CyiLrwificcL  Chliirlde  (CICN) 

1.093636 

0.001631 

670.4 

1.0937 

21 

CyiLtiOgein  Bnimlde  (DiCN) 

4}.000026 

0.000005 

5.5 

24 

Atecodii  LtlIb  (CIIjCN) 

0.006157 

0.000014 

453.7 

0.0062 

19 

Ciirburtyl  SiilfLile  (OCS ) 

-0.000591 

0.000021 

27.9 

22 

M£:ltiy]  Fluoride  (Cl  bF) 

0.000121 

0.000022 

5.4 

25 

Molhy]  Ctilciridu  (CILiCi) 

0.000634 

0.000027 

23.9 

9 

Aci^loiiiErilc  (C;H  jCN) 

0.002465 

0.000031 

60.7 

12 

SuLfuf  Dioxide  (SOl) 

0.000546 

0.000044 

12.4 

15 

DiutdoiocnethiLtio  (Cil^C]?) 

-0.000093 

0.000042 

2.2 

29 

Meitiy]  Iodide  (Cl  I  si) 

-0.000165 

0.000060 

2.7 

26 

Moltiy]  Bromide  (CIl  jBrl 

-0.000061 

0.000050 

1.2 

6 

DinutironL-ellume  (Cl  I jF 

0.000696 

0.000061 

11.4 

49 

EOlykite  Oxid-etCiH^O) 

0.504135 

0.001226 

411.1 

0.5041 

52 

TrSnuOTOcriBltLilne  (CHF.h) 

-0.001298 

0.000087 

14.9 

34 

Acrolein  (CiIl-iO) 

1.011987 

0.001712 

591.2 

1.0120 

63 

PrOpiOnlLriie  (C^lIiCX) 

0.003466 

0.000066 

52.8 

106 

Pyridine  (C^H^N] 

-0.000224 

0.000063 

3.5 

13 

l,l  Dinuonietheu-e  (ClL'CFil 

-0.000829 

0.000100 

6.3 

5B 

\1nyl  Fluoride  (CdDF) 

0.000401 

0.000108 

3.7 

11 

Vinyl  Chloride  (C^IIjCI) 

0.000101 

0.000117 

0.9 

35 

Oxeliine  (CdkO] 

0.002375 

0.000154 

15.4 

54 

i,l^[  rrinuonjethiuie  (CdhF?) 

0.198227 

0.000364 

544.1 

0.1982 

23 

Propyae  (CdD) 

0.002681 

0.000134 

19.9 

62 

Carbonyl  Fluoride  (OOF3) 

0.000417 

0.000198 

2.1 

36 

Thictanc  ((CFt-l.S) 

0.002971 

0.000218 

13.6 

6 

Melhy]  iiieruLipLuin  (ClLSli) 

-0.003495 

0.000286 

12.2 

31 

Mettiyl  isocyanate  (CEI^NCO) 

-0.002491 

0.000258 

9.7 

2 

Methanol  (C!I;OEI) 

0.004112 

0.000227 

16.1 

57 

Thiony!  fluoride  (F  SO> 

0.003805 

0.000232 

16.4 

46 

Ymyl  "bromide  {CrFClIBr) 

0.003557 

0.000232 

15.4 

101 

1,2  dichJotLKSihiLne  (C;IDCl2] 

0.009728 

0.000402 

24.2 

2.8142 


Mixture  403b 


This  is  one  of  the  early  demonstration  mixtures.  This  mixture  has  4  clear  components  and  a  trace 
of  gas  24.  While  this  gas  is  clearly  present  as  a  trace  spectroscopically,  again  we  believe  that  it  is 
due  to  a  hbrary  contamination  rather  than  its  addition  in  such  a  small  concentration  to  the 
mixture. 
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104 

Hydriigen  Cyanide  (HCN] 

0.013374 

■0.000041 

324.7' 

0.0134 

103 

CviinOfien  Chlucride  (CICN) 

0.996905 

0.001493 

667.9 

0.9969 

21 

CviinCi^Gn  Briimide  (DrCX) 

0.000078 

0.000009 

B.6 

24 

AteELHiilrile  (CHiCX) 

0.014759 

0.000028 

522.8 

0.0148 

19 

Carbonyl  SulfLile  {OCS) 

0.995406 

0.002409 

413.2 

0.9954 

22 

Melliy]  Ruoriile  (CIIjF) 

-0.000188 

0.000032 

59 

25 

Meihy]  Chloride  CCHjCI) 

0.000876 

0.000048 

1B.4 

9 

Atrylociitiile  (C,''El3CN) 

0.999225 

0.001708 

5B5.1 

0.9992 

12 

Siilfuf  Dioxide  (SO2I 

0.000838 

0.000065 

12.9 

15 

DLehltiiumethanc  (CEI^C]?) 

-0.001387 

0.000067 

20.6 

29 

Welhy]  Iodide  (CEDI) 

1.002280 

0.002297 

436.4 

1.0023 

26 

Methy]  Qromidc  (CH  jQr) 

0.001822 

0.000077 

23.7 

B 

DinuortymellULne  (CEDFz) 

0.001496 

0.000090 

16.7 

49 

Ediylene  Oxide  (CilUO) 

0.002738 

0.000103 

26.7 

52 

TrinuoromeilLine  (CEIFj) 

-0.002995 

0.000152 

19.7 

34 

Atroleb  (C)If-iOJ 

1.014582 

0.002001 

507.1 

1.0146 

53 

PfOpiuciilrile  (CJiEDCS') 

1.026946 

0.001808 

560.1 

1.0269 

106 

Pyridine  (CsH^N) 

1.022137 

0.001381 

740.0 

1.0221 

13 

IJ  DifluOniedL-sni;  (Cn.^CFO 

1.001333 

0.002674 

374.5 

1.0013 

5B 

Mnyl  Fiiioride  (C^IltiF) 

0.002734 

0.000160 

17.1 

11 

Vinyl  Ch!iiridfi(C?IhCI) 

1.007487 

0.002293 

439.3 

1.0075 

35 

OAeiine  (CjH^O) 

1.015003 

0.002413 

420.7 

1.0150 

54 

tj^.1  TrifluoroeiMne  (Cdl^Fj) 

1.000202 

0.001755 

570.0 

1.0002 

23 

PnJpyne  (CjH^) 

1.012021 

0.002664 

379.9 

1.0120 

62 

Carbonyl  Fluoride  (COF^) 

-0.004328 

0.000290 

14.9 

36 

Thictanc  {(CELJ.S) 

0.002403 

0.000399 

6.0 

6 

Melhy]  merraptan  {CIl^SEI) 

-0.002809 

0.000460 

6.1 

31 

Methyl  isocyanate  (CEIjNCO) 

0.001712 

0.000392 

4.4 

2 

Methanol  (CII.,OEI) 

0.017522 

0.000335 

52.3 

57 

Thionyl  fluori  de  (F  SO) 

-0.009652 

0.000358 

26.9 

40 

Vmy!  bromide  {Ctt  CTTDr) 

4}.005573 

0.000354 

15.7 

101 

1,2  dicbloruethiLoe  (CdDCI^) 

0.033254 

0.000621 

53.6 

12.1217 


Mixture  407 


This  is  one  of  the  early  demonstration  mixtures.  Again,  there  are  clearly  12  gases  present,  plus 
two  traces  gases  (104  and  24)  that  are  spectroscopically  observable.  We  beheve  that  these  two 
trace  gases  are  due  to  hbrary  contamination  rather  than  their  inclusion  as  trace  species  in  the 
mixtures. 
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Appendix  A.  The  Demonstrations  and  Tests  -  Systems  and  Procedures 

Allot  the  results  contained  in  the  main  body  of  the  report  and  the  following  Appendix  which 
contains  the  results  for  the  several  additional  mixtures  were  done  using  the  system  as  described 
below  and  were  done  on  samples  prepared  under  the  supervision  of  the  MET  team.  The  gases 
included  in  these  mixtures  were  (and  are)  unknown  to  the  MACS  team 

In  addition,  a  number  of  demonstrations  and  tests  on  other  mixtures  and  with  precursor 
systems  were  also  carried  out.  While  we  focus  on  the  final  supervised  tests,  we  provide 
information  from  several  additional  tests  and  demonstration  that  wiU  provide  richer  information 
to  the  MET. 

1.  Systems:  The  systems  that  were  used  included  the  final  1  cu  ft  MACS  system  as  well  as 
precursors.  As  we  will  describe,  these  systems  are  functionally  equivalent,  except  for  the  size 
and  packaging,  and  provide  very  similar  capability.  This  is  because  all  systems  used  the  same 
Terahertz  Module  and  SAPM,  the  differences  are  in  well  defined  electronic  components.  The 
earlier  versions  were  used  to  provide  baselines  and  feedback  both  to  us  and  the  MET  as  to  how 
to  deal  with  the  sample  challenges  which  are  describe  in  this  document. 

a.  The  early  demonstration  made  use  of 

i.  a  large  external  synthesizer  and  a  smaller  external  synthesizer  to  provide  the  drives 
for  the  transmit  and  receive  chains  of  the  TM,  respectively. 

ii.  A  laboratory  lock-in  amplifier  for  signal  recovery. 

iii.  An  external  PC  rather  than  the  PC  in  the  MACS  box 

b.  The  tests  and  demonstrations  made  immediately  after  the  final  samples  were  prepared  on 
and  about  June  12,  2008. 

i.  Replaced  the  large  synthesizers  with  a  contact  source  module,  which  would  fit  into 
the  1  cu.  ft.  box.  However,  just  before  the  mixtures  were  made,  the  driver  (a  1”  x  1”  PC  board) 
in  a  MicroLamda  YIG  filter  died  and  we  used  an  external  driver  for  this  YIG.  The  manufacturer 
rapidly  provided  a  replacement  board  and  the  filter  was  repaired.  While  this  had  no  impact  on 
the  performance  of  the  system,  the  driver  would  not  have  fit  into  the  1  cu  ft  chassis. 

ii.  The  laboratory  lock-in  of  ‘a’  was  replaced  with  a  flmetionally  equivalent  board, 
resident  in  the  conputer. 

iii.  We  were  stiU  doing  some  software  development,  using  software  tools  in  place  on  our 
lab  conputer.  This  lab  computer  was  used  to  run  the  system  rather  than  the  computer  that  was 
within  the  1  cu  ft  box.  The  digital  card  that  replaced  the  lock-in  was  also  resident  in  this 
conputer.  Since  the  two  computers  are  functionally  very  similar  (and  MACS  does  not  stress 
either  of  them),  this  had  no  impact  on  the  operational  characteristics  of  the  system 

c.  The  final  demonstrations  reported  here  were  run  on  a  system  that  was  contained  within  the 
1  cu  ft  MACS  chassis.  With  the  replacement  of  the  YIG  driver  board,  the  driver  module  fit  into 
its  place  in  the  MACS  chassis.  Operation  (and  the  lock-in  board)  was  transferred  to  the  on  board 
conputer.  We  ordinarily  operate  this  system  from  an  external  monitor  so  that  observers  can 
monitor  the  operation  of  the  system  This  provided  MET  observers  real  time  access  to  the 
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internal  operation  of  the  system,  thus  augmenting  and  providing  vahdation  to  the  more  compact 
statistical  output. 

2.  Operational  modes:  In  the  spirit  of  ‘Mission  Adaptable’  the  software  provides  a  number  of 
user  selected  options.  These  include  a  choice  of  operational  modes,  ranging  from  ‘one  button  and 
report’  to  modes  with  considerable  operator  involvement.  The  former  are  more  typical  of  what 
users  might  choose,  while  the  latter  are  used  for  system  diagnostics  and  optimization. 
Additionally,  operator  chosen  parameters  can  be  input  into  the  system  in  a  convenient  format. 
Exanples  of  these  might  include  length  of  time  for  sample  collection,  choice  of  species  to  be 
monitored,  etc. 

i.  The  sensitivity  demonstrations 
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figure  A.  1  SAPM  Control  Panel 
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Figure  A.  1  shows  the  chckable  input  screen  used  to  run  the  SAPM/THz  combination.  Input 
choices  are  entered  into  the  parameter  box  on  the  left.  In  addition,  the  system  can  provide  real 
time  measurement  of  parameters  such  as  the  cell  pressure,  sorbent  pressure,  sorbent  tenperature, 
etc.  in  graphical  form.  Figure  1  in  the  main  section  is  an  example  of  its  spectral  output.  Statistical 
concentrations  are  also  obtainable  numerically. 


ii.  The  specificity  demonstrations 


Throughout  this  document  are  displayed  both  numerical  output  that  is  obtainable  from  the 
system  as  well  as  the  spectral  snippets.  The  spectral  snippets  are  displayed  in  real  time  so  that  the 
progress  of  the  analysis  as  the  spectron^ter  interrogates  the  different  spectral  signatures  can  be 
observed. 
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Appendix  B.  Samples  and  results  from  the  analyses  of  Unknowns  2  and  3. 

For  the  evaluation  of  this  project,  a  number  of  samples  were  prepared  by  Dr.  Everitt  and  his 
associates  on  the  behalf  of  the  MET.  They  fell  into  two  general  categories:  (1)  mixtures  for 
specificity  tests,  and  (2)  dilute  sanples  for  sensitivity  test.  Both  of  these  are  challenging  and 
additional  details  will  be  provided  by  Dr.  Everitt  and  the  MET.  For  completeness,  we  will  also 
describe  them  here. 

(1)  The  dilute  samples 

a.  The  GN G  criteria  require  the  preparation  of  a  sample  diluted  to  100  ppt.  This  is  extremely 
challenging,  from  the  point  of  view  of  preparing  the  dilution,  insuring  that  the  dilution  does  not 
change  because  of  wall  effects  in  the  storage  container  or  chemistry,  and  having  a  volume  and 
pressure  of  sample  that  presents  a  constant  1  atmospheric  pressure  for  MACS  to  ingest.  The 
MET  decided  that  this  difficulty  could  be  reduced  by  using  the  well-known  abundance  of  an 
isotopic  species,  deuterium,  as  a  part  of  the  dilution  to  100  ppt. 

b.  The  first  approach  that  was  adopted  is  common  in  EPA  circles,  the  use  of  Tedlar  bags. 
This  allowed  mixtures  to  be  made  remotely  (typically  in  Huntsville)  and  transported  to  OSU,  but  at 
a  cost  of  sample  deterioration  with  time.  The  second  was  the  use  of  a  100  ppm  certified  mixture 
and  calibrated  gas  mass  flow  meters  to  further  reduce  the  sample  pressure  to  0.2  ppm  With  the 
deuterium  ratio  molecular  ratio  (and  taking  account  of  the  three  identical  hydrogen  nuclei)  being 
0.000  149  X  3,  yielding  a  sample  of  89  ppt. 

c.  MACS  showed  that  the  concentration  in  these  bags  declined  with  time.  The  first  bags  that 
were  mixed  in  Huntsville  for  the  early  demonstration,  showed  no  detectable  sample  (after  a 
period  of  ~  6  wks).  MACS  determined  that  the  second  set  of  bags  filled  in  Huntsville  contained 
58  ppt  after  ~  7  days  (June  12)  -  from  a  presumed  fill  of  100  ppt.  Finally,  on  June  23,  the  bag 
filled  in  Huntsville  was  tested  again  and  found  to  contain  less  than  5  ppt.  This  shows  that  the 
absence  of  detectable  sample  in  the  bags  used  for  the  early  demonstration  was  simply  a  result  of 
the  ~  40  days  that  passed  between  their  filling  and  the  experimental  runs. 

Bags  that  were  fill  on  site  at  OSU  (some  under  the  supervision  of  the  MET  representatives) 
were  consistent  with  the  result  obtained  directly  from  the  Mass  Elow  Controllers. 

(2)  The  Unknown  mixtures: 

a.  As  was  expected,  the  earlier  demonstration  showed  that  substantial  reactions  took  place  in 
the  sample  bulb  mixtures.  Thus,  there  is  no  unambiguous  test  that  simply  compares  the  gases  that 
were  introduced  into  the  bulbs  with  the  gases  detected  by  MACS.  The  report  of  the 
demonstration  showed  that  were  there  significant  modifications  from  the  original  fills  due  to 
these  reactions.  However,  it  also  showed  that  MACS  could  unambiguously  demonstrate  that 
observed  gases  came  from  the  mixture  bulbs,  not  from  MACS  cell  contaminatioa  This  was  done 
by  the  simple  expediency  of  introducing  different  amounts  of  sample  from  the  mixture  bulb  and 
showing  that  the  concentrations  measured  by  MACS  scale  with  the  amount  of  sample.  As  noted 
in  the  main  body  of  this  report,  this  same  procedure  was  adopted  here  as  well,  but  in  a  more 
quantitative  way. 

However,  MACS  cannot  judge  intent.  It  is  scientifically  possible  that  some  of  the  small 
concentrations  that  we  detect  and  label  ‘trace’  were  intentionally  placed  in  the  bulbs  at  the  time 
of  their  filling. 
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b.  Results  for  mixture  #2  and  mixture  #3 


Table  2  shows  the  results  for  Unknown  Mixture  #2.  While  the  results  are  similar  to  that  of 
Mixture  #1,  there  were  clearly  more  chemical  reactions  in  this  mixture.  Although  gas  106 
(pyridine)  and  6  (CHsSH)  passed  both  of  our  threshold  tests,  this  was  largely  due  to  a  generous 
definition  of  concentration  range  associated  with  ‘small’  chemical  reaction  because  their 
concentrations  are  down  by  about  a  factor  of  5  from  the  other  ‘full  fill’  species.  Additionally, 
gases  2  (CHsOH)  and  1 1  (C2H3CI)  are  clearly  present,  but  at  a  concentration  down  by  a 
somewhat  larger  factor.  On  the  MET  form,  these  gases  were  listed  as  ‘trace’.  Clearly,  there  were 
more  reaction  in  sample  2  and  there  is  something  of  a  continuum  as  you  go  from  the  lower 


Unknown  2;  1  mtorr  9  mtorr  air 


&y24/O0  13i51 

Code 

Name 

LSQ 

ERR 

FoM 

ResiUlt  1 

Resuit  2 

104 

Hydr0iB.en  Cyanide  (EICN) 

0.000115 

0.000012 

9.7 

103 

CviinuHen  Chloride  (CICN") 

-0.000005 

0.000009 

0.6 

21 

CyanugedL  Bromide  (QrCX) 

0.000015 

0.000012 

1.2 

24 

A-oetorulrile  (ClhCS') 

0.000249 

0.000020 

12.3 

19 

Ciirbonyl  Sulfide  (OCS) 

0.107775 

0.000280 

3B5.2 

0.1078 

0.1078 

22 

Mediy]  Fluoride  (ClIsF) 

0.000891 

0.000056 

15.9 

25 

Melhy]  Chloride  (CIIiCI) 

0.092827 

0.000202 

459.9 

0.0928 

0.0928 

9 

Atrylouitrile  (CjH^CN) 

-0.000190 

0.000077 

2.5 

12 

Sulfur  Dioxide  (SOj) 

0.095918 

0.000257 

372.6 

0.0959 

0.0959 

15 

Diohloromeduirt-e  (C1I:C]3) 

0.000089 

0.000097 

0.9 

29 

Meihy]  Iodide  (CEIjI) 

0.000240 

0.000112 

2.1 

26 

M-elhy]  Broijiide  (CIliDr] 

0.000048 

0.000113 

0.4 

B 

Difluonimelhaiie 

0.000184 

0.000152 

1.2 

49 

lUhylene  Oxide 

0.082768 

0.000294 

261.2 

0.0828 

0.0828 

52 

TrilluorOrtieLhide.  (CEIFj] 

0.137283 

0.000392 

350.3 

0.1373 

0.1373 

34 

Acn3]eLii(C]I[^0) 

-0.000311 

0.000160 

1.9 

63 

Propiouilfile  (C^EIjCN) 

0.000120 

0.000143 

0.8 

106 

Pyridine  (C'll  sM) 

0.015251 

0.000146 

104.1 

0.0153 

0.0153 

13 

IJ  Difluoniedieiie  (C!1?CF2) 

-0.000062 

0.000246 

0.3 

58 

\1nyl  Fluoride  (C.;H.hF) 

0.070425 

0.000287 

245.8 

0.0704 

0.0704 

11 

Vinyl  Chloride  (C;I  I  iCI) 

0.010919 

0.000271 

40.3 

0.0109 

35 

OAetine  (C  ill  60) 

0.099304 

0.000408 

243.2 

0.0993 

0.0993 

54 

IJ+E  TriOuoirueiMne  (C^IliFi) 

0.000114 

0.000214 

0.5 

23 

Prt3pytie  (CjIIj) 

0.062817 

0.000384 

163.7 

0.0628 

0.0628 

62 

Carbonyl  Fluorid-c  (COF^) 

-0.000858 

0.000488 

1.8 

36 

Thictanc  ((QIiJjS) 

0.105900 

0.000575 

104.2 

0.1059 

0.1059 

6 

Mclhy]  meruapiLin  {Cl  [3EI) 

0.016827 

0.000607 

27.7 

0.0168 

0.0168 

31 

Methyl  isocyanate  (QI-NCO) 

-0.000821 

0.000525 

1.6 

2 

Methanol  (CiUOU) 

0.002385 

0.000466 

5.1 

0.0024 

57 

Thionyl  fluoride  (F-SO) 

-0.000275 

0.000586 

0.5 

46 

Mnyl  bromide  {Cil-ClIBr) 

-0.000741 

0.000546 

1.4 

101 

1,2  dich]0['t>ethiLiie  (C?II-iCl2]| 

0.004289 

0.000864 

5.0 

0.9004  0.8871 

Table  2.  Results  from  Unknown  Mixture  #2. 


concentration  ‘yes’  gases  to  the  ‘trace’  g&ses. 
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Snippets  from  mixture  2 


Table  3  shows  the  results  for  Unknown  Mixture  #3.  Again,  there  are  a  number  of  gases  that  are 
clearly  present  in  concentrations  consistent  with  a  full  fill,  but  two  others  that  are  also  clearly 
present:  25  (CHsCl)  and  12  (SO2).  Unlike  sample  2,  these  trace  gases  have  significantly  smaller 
concentrations  than  the  ‘yes’  gases. 


196 


For  both  of  these  mixtures,  analyses  of  the  higher  gas  pressures  were  also  done.  These 
measurements  provide  additional  verification  of  these  results  -  usually  by  showing  a  much  larger 
concentration  because  of  the  larger  gas  fiU  from  the  mixture  bulbs.  Included  in  this  class  are  gas 
25  (CHsCl)  and  gas  2  (SO2)  from  sample  #3.  While  the  chemistry  that  could  produce  CHsCl 
seems  plausible,  chemistry  to  produce  SO2  is  less  obvious  (but  any  number  of  reactions  could 
remove  SO2  if  it  were  one  of  the  original  ‘full  fill’  gases).  However  this  is  a  real  result  -  the 
increased  strength  that  came  from  a  larger  fill  of  gas  from  unknown  mixture  #3  clearly  shows 
that  the  sairple  is  comes  from  the  mixture  bub,  not  an  impurity  in  our  system 


Unknown  3;  1  mtorr  9  mtorr  air 
6J23/200B  ie:44:04  PM 


Code 

Name 

Lsa 

ERR 

FOM 

Result  1 

Result  2 

104 

I  {1 ICN) 

0.073047 

0.000188 

3BB.4 

0.0730 

0.0730 

103 

CyicLOfiBCL  ChlLKTide  (CICN) 

0.159923 

0.000242 

659.7 

0.1599 

0,1599 

21 

CviicuCifiBri  BniTtiLik  (DrCX) 

0.212470 

0.000339 

626.9 

0.2125 

0.2125 

24 

AceEtmilrLlB  (Cl  LiCX) 

0.116772 

0.000197 

593.9 

0.1168 

0.1168 

10 

Cilrboiiyl  Suiriilt;  (OCS] 

0.000141 

0.000048 

2.9 

22 

Mtflhy]  Fliiuriile  (CII^F) 

0.000012 

0.000060 

0.2 

25 

Meltiy]  ChloridB  fCir.iCI) 

0.003433 

0.000067 

51.5 

0.0034 

0 

Acrylonitrile  (C2II1CN) 

0.115649 

0.000244 

473.8 

0.1156 

0.1156 

12 

Siilfiir  Dioxide  (SO2) 

0.008199 

0.000101 

B1.0 

0.0082 

15 

[>iehLoiO[ne[hiL[ie  (CilzCl?) 

-0.000062 

0.000098 

0.6 

20 

Melhy]  ICMiide 

0.000101 

0.000113 

0.9 

26 

Methyl  BfOsnide  (CILiDf) 

0.000297 

0.000113 

2.6 

B 

DinnoriJaiielhjme  (CEDF:) 

-0.000016 

0.000152 

0.1 

40 

EdiylertB  Oxide  (Cz EDO) 

-0.000204 

0.000169 

1.2 

52 

TrifltiOrOniettuuie  (CEIF3] 

0.000713 

0.000182 

3.9 

34 

Acrolem  (CjII-iOI 

0.001084 

0.000159 

6.8 

63 

PfOpionilfiSe  (C^H.^CX) 

0.118905 

0.000294 

404.0 

0.1189 

0.1189 

106 

Pyridirte  (CsIlsN) 

-0.000090 

0.000144 

0.6 

13 

1,1  Dinuoroethene  (CIDCF2I 

0.001366 

0.000247 

5.5 

50 

\1rtyl  FlLiiiride  (CdhF) 

0.000463 

0.000251 

1.8 

11 

\'irtylChli>ride(C;IljCi) 

4:>.000022 

0.000270 

0.1 

35 

OxeJUne  (CjII^) 

0.000134 

0.000316 

0.4 

54 

1,1^1  Tiifluijbcielhajie  fCiIliF]) 

0.000149 

0.000214 

0.7 

23 

Pmpyne  (Cdl-i) 

0.001014 

0.000342 

3.0 

62 

Ciubony]  Fluorid-c  (COFr) 

0.000274 

0.000490 

0.6 

36 

Thictanc 

-0.000456 

0.000500 

0.9 

6 

Methyl  EHiirCilpitiiii  (CIDSEi) 

0.000771 

0.000605 

1.3 

31 

Methyl  isocyanalc  (CEIjNCO) 

0.085035 

0.000605 

140.5 

0.0850 

0.0850 

2 

Methanol  (CPIjOH) 

0.059406 

0.000490 

121.3 

0.0594 

0.0594 

57 

Thionyl  fluoride  (F  SO) 

0.138215 

0.000720 

192.0 

0.1382 

0.1382 

40 

\%iy!  bromide  (Cil-CITDr) 

-0.001295 

0.000548 

2.4 

101 

1,2  diclilofO&Lhane  (CiIDCIj) 

0.003836 

0.000860 

4.5 

1.0911  1.0794 

Table  3.  Results  from  Unknown  Mixture  #3. 
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Snippets  from  Mixture  3 
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Appendix  C.  MET  Report  Forms 


We  have  tried  to  be  careful,  but  we  are  concerned  that  with  the  very  large  number  of 
transcriptions  required  to  fill  out  all  of  the  forms  that  we  may  still  have  a  clerical  error.  If  there 
are  discrepancies,  the  fundamental  data  are  the  LSQ  and  FM  columns  in  the  tables  in  the  main 
body. 

Phase  I  MACS  Test  Results 

Please  provide  images  of  each  spectrum  measured  in  addition  to  completing  the  following  tables. 
For  selectivity  results  an  image  with  all  32  snippets  is  requested  and  the  individual  spectrum  for 
each  molecule  is  not  required. 


Selectivity  Test  Results  for  Measured  Sample  Mixtures 

Please  fill  in  the  following  table  with  results  measured  with  the  MACS  on  the  3  sample  mixtures 
labeled  “Sample  1,  Sample  2,  and  Sample  3”  prepared  at  OSU.  Protocol  from  preliminary  tests 
was  “yes”  the  molecule  was  detected,  “no”  the  molecule  was  not  detected,  or  “trace”.  For 
molecules  labeled  trace  please  explain  in  an  attached  paragraph  the  justification  for  trace 
classification  and  the  threshold  levels  used.  Please  see  discussiou  iu  maiu  text  for  Mixture  1 
aud  iu  Appeudix  B  for  Mixtures  2  aud  3. 


Library  Molecule 

Mixture  1 

Mixture  2 

Mixture  3 

D* 

D 

D 

Sulfur  Dioxide  (SO2) 

Y 

Y 

T 

Carbonyl  Sulfide  (OCS) 

N 

Y 

N 

Hydrogen  Cyanide  (HCN) 

T 

N 

Y 

Cyanogen  Bromide  (BrCN) 

N 

N 

Y 

Cyanogen  Chloride  (CICN) 

N 

N 

Y 

Trifluoromethane  (CHFs) 

Y 

Y 

N 

Difluoromethane  (CH2F2) 

N 

N 

N 

Diehloromethane  (CH2CI2) 

N 

N 

N 

Methyl  Fluoride  (CHsF) 

Y 

N 

N 

Methyl  Chloride  (CH3CI) 

N 

Y 

T 

Methyl  Bromide  (CHsBr) 

Y 

N 

N 

Methyl  Iodide  (CHsI) 

Y 

N 

N 

1,1  Difluoroethene  (CH2CF2) 

Y 

N 

N 

Acetonitrile  (CHsCN) 

Y 

N 

Y 

Vinyl  Fluoride  (C2H3F) 

Y 

Y 

N 

Vinyl  Chloride  (C2H3CI) 

N 

T 

N 

1,1,1  Trifluoroethane  (C2H3F3) 

N 

N 

N 

Ethylene  Oxide  (C2H4O) 

N 

Y 

N 

1 ,2  dichloroethane  (C2^4C^2) 

Y 

N 

N 

Acrylonitrile  (C2H3CN) 

Y 

N 

Y 

199 


Propyne  (C3H4) 

N 

Y 

N 

Acrolein  (C3H4O) 

Y 

N 

N 

Propionitrile  (C2H5CN) 

Y 

N 

Y 

Oxetane  (C3H6O) 

N 

Y 

N 

Pyridine  (C5H5N) 

N 

Y 

N 

** Carbonyl  Fluoride  (COF2) 

T 

N 

N 

**Methanol  (CHsOH) 

N 

T 

Y 

**Thietane  ((CH2)3S) 

N 

Y 

N 

ethyl  mercaptan  (CH3SH) 

N 

Y 

N 

**Methyl isocyanate  (CH3NCO) 

N 

N 

Y 

**Thionyl  fluoride  (F2SO) 

N 

N 

Y 

**  Vinyl  bromide  (CH2CHBr) 

Y 

N 

N 

**  Molecules  added  after  dry  run  test 

Selectivity  Test  Results  for  Synthetic  Spectra 

Please  fill  in  the  following  table  with  results  measured  with  the  MACS  on  the  7  synthetic  spectra 
labeled  as  shown  in  the  table  below.  Protocol  from  preliminary  tests  was  “yes”  the  molecule  was 
detected,  “no”  the  molecule  was  not  detected,  or  “trace”.  For  molecules  labeled  trace  please 
explain  in  an  attached  paragraph  the  justification  for  trace  classification  and  the  threshold  levels 
used.  Where  possible,  please  include  a  record  of  the  signal  strength  for  all  molecules  in  each 
spectrum.  Please  see  fit  results  in  main  text  for  Mixture  1  and  in  Appendix  B  for  Mixtures  2 
and  3  for  measured  partial  pressures  in  mTorr. 


library  Molecule 

Testl 

Test2 

03_25a 

03_25b 

04_03_V2 

04_07_V2 

U6_U5_A 

U6_U5_B 

U6_U5_C 

Sulfur  Dioxide  (SO2) 

Y 

Y 

N 

N 

Y 

N 

N 

Carbonyl  Sulfide  (OCS) 

Y 

Y 

N 

Y 

Y 

N 

Y 

Hydrogen  Cyanide  (HCN) 

Y 

Y 

N 

T 

Y 

Y 

N 

Cyanogen  Bromide  (BrCN) 

Y 

Y 

N 

N 

Y 

Y 

N 

Cyanogen  Chloride  (CICN) 

Y 

Y 

Y 

Y 

Y 

Y 

N 

Trifluoromethane  (CHF3) 

Y 

Y 

N 

N 

Y 

N 

N 

Difluoromethane  (CH2F2) 

Y 

Y 

N 

N 

Y 

N 

Y 

Diehloromethane  (CH2CI2) 

Y 

Y 

N 

N 

Y 

N 

N 

Methyl  Fluoride  (CH3F) 

Y 

Y 

N 

N 

Y 

Y 

Y 

Methyl  Chloride  (CH3CI) 

Y 

Y 

N 

N 

Y 

N 

N 

Methyl  Bromide  (CH3Br) 

Y 

Y 

N 

N 

Y 

N 

N 

Methyl  Iodide  (CH3I) 

Y 

Y 

N 

Y 

Y 

N 

Y 

1,1  Difluoroethene  (CH2CF2) 

Y 

Y 

N 

Y 

Y 

N 

N 

Aeetonitrile  (CH3CN) 

Y 

Y 

T 

T 

Y 

T 

T 

Vinyl  Fluoride  (C2H3F) 

Y 

Y 

N 

N 

Y 

Y 

N 

Vinyl  Chloride  (C2H3CI) 

Y 

Y 

N 

Y 

Y 

Y 

N 

1,1,1  Trifluoroethane  (C2H3F3) 

Y 

Y 

Y 

Y 

Y 

Y 

N 

Ethylene  Oxide  (C2H4O) 

Y 

Y 

Y 

N 

Y 

Y 

N 
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1,2  dichloroethane  (C2H4ci2) 

N 

N 

N 

N 

Y 

Y 

Y 

Acrylonitrile  (C2H3CN) 

Y 

Y 

N 

Y 

Y 

Y 

N 

Propyne  (C3H4) 

Y 

Y 

N 

Y 

Y 

Y 

N 

Acrolein  (C3H4O) 

Y 

Y 

Y 

Y 

Y 

N 

N 

Propionitrile  (C2H5CN) 

Y 

Y 

N 

Y 

Y 

N 

N 

Oxetane  (C3H6O) 

Y 

Y 

N 

Y 

Y 

N 

Y 

Pyridine  (CsHsN) 

Y 

Y 

N 

Y 

Y 

Y 

N 

** Carbonyl  Fluoride  (COF2) 

N 

N 

N 

N 

Y 

N 

N 

**Methanol  (CH3OH) 

N 

N 

N 

N 

Y 

N 

N 

**Thietane  ((CH2)3S) 

N 

N 

N 

N 

Y 

N 

N 

ethyl  mercaptan  (CH3SH) 

N 

N 

N 

N 

Y 

N 

N 

** Methyl  isocyanate  (CH3NCO) 

N 

N 

N 

N 

Y 

Y 

N 

**Thionyl  fluoride  (F2SO) 

N 

N 

N 

N 

Y 

Y 

N 

*  *  Vinyl  bro  mide  (CH2CHBr) 

N 

N 

N 

N 

Y 

N 

Y 

**  Molecules  added  after  dry  run  test 


Sensitivity  Test  Results  for  Tedlar  Bags  prepared  by  WSD 

For  sensitivity  test  results,  please  report  the  concentration  of  acetonitrile  and  deuterated 
acetonitrile  measured  in  tedlar  bag  A  or  B.  For  the  sensitivity  test  with  an  unknown  molecule, 
labeled  C,  please  report  the  molecule  detected  and  the  estimated  concentration.  Please  include 
the  procedure  used  for  both  sensitivity  measurements. 


Sample  Label 

Molecule 

Concentration 

Sanpling  Time 

Bag  “A” 

Acetonitrile 

- 

- 

Bag  “A” 

Deuterated 

52  (2)ppt 

4  min 

Bag  “C” 

Acetonitrile 

CH3CN  (0.24  mtorr) 
CH30H  (0.024  mtorr) 

159  ppb 

(16  ppb) 

4  min 

Although  the  strong  signals  of  the  main  isotope  in  Bag  “A”,  would  make  the  measurement 
straightforward,  to  protect  the  integrity  of  our  measurement  we  do  not  observe  the  main  isotope 
(if  we  did,  we  could  then  calculate  the  deuterated  concentration  even  if  the  system  were  not 
particularly  sensitive). 

In  Bag  “C”  we  detect  CHsCN  and  CHsOH  at  the  pressure  shown  in  the  second  column. 

However,  the  sorbent  efficiency  for  CHsOH  has  not  been  measured.  If  it  were  the  same  for 
CH3OH  as  for  CH3CN,  its  concentration  would  be  16  ppb.  Since  we  do  not  expect  this  sorbent  to 
be  especially  efficient  for  CHsOH,  we  expect  that  16  ppb  is  a  serious  underestimate.  Thus,  we 
list  this  for  completeness,  but  in  parentheses  to  indicate  that  it  is  an  estimate.  We  note,  that  this 
efficiency  would  not  be  hard  to  estabhsh. 

We  used  the  same  sampling  procedures  for  these  measurements  as  for  previous  runs  that  used  the 
sorbents.  However,  since  the  samples  could  have  been  any  of  the  31  gases,  we  used  the  analysis 
procedures  that  we  used  for  the  mixtures  of  gases. 
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We  note  that  above  we  observed  a  significant  decrease  in  the  sample  concentration  in  the  bags  as  a 
function  of  time. 
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Appendix  All. 2 

Deterimnation  of  ROC  Performance 

Purpose.  The  MACSl  system  is  intended  to  deliver  high  ROC  performance.  However,  ROC  data 
cannot  be  directly  measured  for  systems  that  operate  in  the  high  performance  regime,  that  is, 
with  high  PD  and  low  PFA.  In  general,  these  parameters  are  inferred  from  statistics  related  to  the 
system  operation.  The  purpose  of  this  report  is  to  prove  that  the  MACSl  system  is  comp  ha  nt 
with  the  contractual  targets  of  PD=0.9999  and  PFA=0.0001.  This  information  was  supplied  to 
the  MET. 

Methodologies  and  Results.  First,  MACS  is  an  assessment  oriented  system  that  produces  a 
tabulated  output  of  chemical  species  (and  ultimately  complexes  of  such  species  denoting 
products  and  processes).  It  is  not  a  bell  ringer  style  detector,  and  furthermore,  the  environment 
that  conpletely  influences  each  ROC  curve  can  be  very  complex  and  quite  varied.  Ordinary 
ROC  detection  theory  has  its  roots  in  radar.  The  precepts  of  this  historic  foundation  are  still 
relevant  to  the  MACS  system,  which  is  indeed  a  receiver  that  detects  and  RF  signal  under  a  host 
of  conditions,  some  environmental  some  of  system  origin.  The  core  commodities  are  (1) 
whatever  provides  signal  intensity;  and  (2)  overall  noise.  The  system  provides  both  and  can 
maximize  S/N  for  particular  conditions.  Each  ROC  point  (ie.,  PD,  PFA)  can  be  obtained  by 
estimates  based  on  several  techniques.  We  will  employ  a  conservative  estimate  in  a  classical 
calculation  based  on  amplitude  detection  theory  applied  to  the  spectral  hne  "targets"  or  the 
absence  thereof  to  determine  conservative  ROC  values  for  the  MACSl  sensitivity  testing  with 
100  ppt  concentrations  from  air  at  the  input  to  the  SAPM.  The  MET-produced  the  test  species 
(acetylnitrile)  lines  (10)  were  used  to  render  the  computation  of  a  conservative  probabihty  of 
false  alarm  for  a  detection  probability  set  by  the  anplitude  threshold  to  yield  PD=0.9999. 

To  actually  determine  the  operation  of  the  system  as  a  true  detector  the  classical  approach 
is  utilized.  Here  we  observe  the  noise  and  the  signal  (in  the  noise),  and  utilize  the  S+N  and  N  - 
only  distributions,  integrating  each  from  +infinity  back  to  some  amphtude  threshold  level 
(denoted  DT=detection  threshold).  Due  to  the  nature  of  our  current  system,  the  noise  in  the 
usable  detection  channels  is  either  1st  or  2nd  derivative.  The  resulting  noise  is  essentially 
Gaussian,  which  facilitates  the  calculation.  While  there  are  energetic  constraints  that  clip  the  tails 
of  any  real  physical  system's  probabihty  functions,  the  results  are  only  improved  by  so  doing, 
and  as  will  be  shown,  the  results  are  acceptable  without  the  extensive  study  needed  to  determine 
and  mathematically  represented  truncated  noise. 
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The  inset  figure  gives  the  results  of  independently  computed  10  line  spectra  for  the  100  ppt 
regime  with  S/N=6.5.  Note  that  each  of  the  lines  must  be  detected  (that  is  the  individual  hne  PDs 
are  multiplied  together)  as  will  be  illustrated  below. 

The  to  MACS  lines  are  thus  detected  hkelO  radar  pulses  and  are  mathematically  modeled 
the  same  way.  We  begin  by  coirputing  the  integral  of  the  N+S  ("the  PD")  distribution  from 
infinity  to  the  detection  threshold  (DT).  We  then  set  the  DT  to  the  value  corresponding  to  the 
system  design  point  for  PD  (here,  0.9999).  This  instance  is  DT=2.16.  Note  that  10  hues  are 
included.  Then,  we  integrate  the  N  ("the  PFA")  distribution  to  the  same  DT.  This  is  a  simple 
procedure: 


Jx-Sf 

""f 

PD  =  J  ^dx 

+00  27TCT 

Is  the  PD  for  each  line  and  we  have  overall  PD  for  the  ensemble  of  hues: 

NL 

pd  =  Y\pd, 

i=l 

For  the  PFA  likewise  we  have: 


(30) 


(31) 


DT 

PFA^  =  j 


+00 


2a 


^/2 


-dx 


no 


(32) 


And 
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(33) 


NL 

PFA  =  YIpFA. 

/=1 

Where  NL=10  and  S/N  taken  as  Signal,  S  to  noise,  a;  for  the  data  used,  S=6  and  a=l.  The 
tabular  results  for  PD  and  PFA  were  used  to  extract  the  region  of  interest  shown  in  the  figure. 
We  locat  the  threshold  that  will  assure  PD>0.9999  and  then  use  the  dame  DT  value  to  locate  the 
corresponding  PFA.  In  the  figure  it  is  apparent  that  the  PFA  of  the  system  is  approximately 
3.9X10-19.  This  is  not  surprising.  But  both  these  values  are  actually  somewhat  better  in  practice. 

So  we  gain  from  classical  detection  theory  that  MACS  1  can  operate  at  within  the  desired 
ROC  bounds.  The  further  reduction  of  noise  within  the  system,  as  well  as  system  noise 
contributors  (not  electronic  noise)  are  continuing  objects  for  irrprovement,  however,  the 
sensitivity  test  data  has  thus  been  used  to  affirm  the  necessary  performance. 

Final  Comment.  We  have  calculated  these  parameters  from  many  vantages.  This  one  is  selected 
because  of  its  relative  clarity.  Stdl,  the  reader  is  advised  to  reflect  that  in  this  relatively  simple 
model,  the  detection  is  registered  if  S-i-N>DT  for  all  10  lines.  The  lines  are  not  infinitely  narrow 
and  the  MACS  system  may  have  dozens  of  data  points  that  complete  the  depiction  of  a  spectral 
hne.  One  can  also  include  each  of  these  points  in  the  more  comphcated  model.  The  result  will  be 
that  you  get  a  higher  PD.  Similarly,  for  noise  to  replicate  the  "detector"  we  have  created  in  this 
paper,  all  10  hnes  must  appear.  Since  in  actuality  there  are  many  more  data  points  that  can  be 
included  (again  due  to  the  line  width),  we  can  generate  a  more  sophisticated  estimate.  But  it  will 
still  give  better  results  than  we  are  listing.  Since  we  have  far  exceeded  the  required  performance, 
there  is  no  advantage  in  further  computations. 
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Appendix  All, 3 

Summary  of  MAG  Contacts 


JPEO-CBD,  ECBC 

Contact:  Joe  Maniaci  (DARPASETA)  Curt  Wilhide  (JPEOCBD) 

Date:  5/26/05  - 

Notes:  Joe/FP  interacted  with  Dave  Cullin  several  years  ago  on  MACS.  Cullin  has  since 
left  JPEO.  Joe  later  set  up  meetings  with  Curt  Wilhide,  which  never  occurred.  Curt 
indicated  willingness  to  involve  Ed  Wack  (Director  here  for  Future  Acquisitions). 

Contact:  Chris  Ball  (Battelle)  ->  Raphael  Moon  (ECBC)  ->  Fran  D’Amico  (ECBC) 

Date:  8/22/07  -  8/28/07 

Notes:  Raphael  wanted  to  involve  D’Amico  in  MACS.  Fran  does  a  lot  of  T&E  and 
ground  truth  field  testing  of  many  different  sensors.  He  maybe  able  to  provide  context 
with  respect  to  requirements  and  performance  of  other,  competitive  sensor  systems. 
Fran  indicated  willingness  to  participate  in  MAG.  Bruce  Jezek  (Battelle  Sr.  Market  Mgr., 
former  Army)  used  to  supervise  Fran  and  says  he  is  a  good  guy. 

Contact:  Chris  Ball  (Battelle)  Alan  Samuels  (ECBC) 

Date:  10/30/07 

Notes:  Alan  accepted  an  invitation  to  be  a  member  of  MACS.  Alan  is  focused  mainly  on 
CW  agents  as  well  as  byproducts  and  related  species.  He  also  recommends  involving 
atmospheric  chemists  to  better  understand  environmental  degradates. 

Contact:  Keith  Reiss  (ST)  ^  Alan  Samuels  (ECBC)  James  Savage  (???) 

Date:  11/23/07 

Notes:  Alan  contacted  Savage  to  get  additional  information/reports  on  CW  agent 
degradation  products  that  are  conducive  to  detection  by  MACS. 

Contact:  Joe  Maniaci  (DARPA  SETA)  and  Alan  Samuels  (ECBC)  COL  Mark 
Malatesta,  LTC  Gregory  Green,  Tim  Ganguly  (JPEO  CBD) 

Date:  1/8/08 

Notes:  Meeting  at  PM  Guardian  involving  FP,  Joe,  and  Alan  to  discuss  requirements 
and  interest  in  MACS.  Alan  is  to  follow  up  on  MANSCEN  and  NORTHCOM,  possible 
JCTD  Interest,  and  improvements  over  ACADA. 
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Contact:  Alan  Samuels  (ECBC)  Nancy  Kammerer  (ECBC),  Robert  Eckhaus 
(RDECOM),  Arne  Johnson  (ECBC),  John  Harris  (ECBC),  Joseph  Lovrich  (NBC 
Contamination  Avoidance),  Randy  Young  (NBC  Contamination  Avoidance) 

Date:  2/29/08 

Notes:  Discussed  possible  fits  for  MACS  technology.  Alan  introduced  the  technology  via 
e-mail.  Requested  information  on  targeted  capabilities,  requirements,  etc.  to  help  steer 
Phase  2.  Intend  to  share  technology  requirements  with  FP.  Response  from  Eckhaus, 
Lovrich.  Sent  JCAD  requirements. 

Contact:  Joe  Maniaci  (DARPA  SETA)  Raphael  Moon  (ECBC)  Richard  Floyd 
(JPEOCBD) 

Date:  3/11/08 

Notes:  Raphael  has  made  contact  with  and  has  been  trying  to  set  up  a  meeting  with 
Floyd  re:  transition  programs. 

Contact:  Joe  Maniaci  (DARPA  SETA)  ^  Marisa  Lalekos  (JPEG  CBD,  Schafer  Corp.) 
Date:  3/16/08 

Notes:  Marisa  contacted  Joe  with  questions  about  maturity  of  MACS  and  transition  plan. 
Joe  trying  to  set  up  meeting  with  her.  Curt  Wilhide,  and  Rich  Floyd. 

Other  DoD  Agencies 


Contact:  Chris  Ball  (Battelle)  Kathy  Macdonald  (DARPA  SOCOM  liaison) 

Date:  8/22/07-12/7/07 

Notes:  Kathy  indicated  willingness  to  identify  potential  MAG  participants  from  SOCOM. 
She  thinks  there  is  a  community  of  potential  users  with  a  variety  of  missions.  She  has 
sent  information  to  Frank  Patten  directly. 

Contact:  Keith  Reiss  (ST)  Joe  Maniaci  (DARPA  SETA)  Jim  Morgan  (DARPA 
SETA)  ->  Col.  Timothy  Tritch  (DARPA  Army  liaison) 

Date:  2/8/08 

Notes:  Tritch  is  interested  in  bomb  making,  cluttered  environments.  Has  concerns  about 
sorbents  being  ruined  by  saturation,  residues  on  internal  piping,  system  corruption. 
Sees  complex  signature  recognition  as  only  advantage  for  MACS.  Interested  in 
taggants.  Tritch  was  invited,  but  did  not  attend,  Laura’s  meeting  on  1/28/08  at  DARPA. 
Morgan  attended  the  meeting,  and  asked  about  jamming  and  being  jammed. 
Subsequent  meeting  involving  Keith,  Joe,  Tritch,  and  Morgan.  Morgan  indicated  that  we 
should  talk  to  Bill  Forrester  (ret.  Army  Col,  Booz  Allen,  Chemical  Materials  Agency)and 
Jim  Genovese  (civ.  Scientist  ECBC,  R&T  directorate).  Alan  has  taken  lead  on  making 
these  contacts.  Also  recommended  we  talk  to  DARPA  PM  Michael  Pagels  re:  Posse 
program  that  may  be  synergistic  to  MACS. 
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Contact:  Laura  Vandenberg  (DARPA  SETA)  David  Kearney,  Michael  Whittaker 
(NSWDG) 

Date:  12/22/07-1/28/08 

Notes:  Were  contacted  by  Laura  and  invited  to  attend  meeting  on  1  /28/08  (did  not 
attend). 

Contact:  Laura  Vandenberg  (DARPA  SETA)  Scott  Burns  (DIA),  Chris  Tipple  (Director 
of  Laboratory  Operations,  DIA/DTK) 

Date:  12/22/07-1/28/08 

Notes:  Were  contacted  by  Laura  and  invited  to  attend  meeting  on  1  /28/08.  Both 
attended. 

Contact:  Laura  Vandenberg  (DARPA  SETA)  Chris  Cunningham  (20^'^  Support 
Command) 

Date:  12/22/07-1/28/08 

Notes:  Attended  Laura’s  meeting  on  1/28/08.  Is  involved  with  hands-on  material 
collection  with  limited  time  (5  min-1  hr).  Experience  with  portable  FTIR  and  Raman,  etc. 
Concerned  about  battery  operation  and  ruggedization.  Typical  detections  are  low  ppm. 
Cited  M256  test  kit. 

Contact:  Laura  Vandenberg  (DARPA  SETA)  Paul  Benda  (Director,  CBRNE 
Directorate,  PFPA),  Christina  Murata  (Chief  Science  Officer,  CBRNE  Directorate, 

PFPA) 

Date:  12/22/07-1/28/08 

Notes:  Benda  attended  Laura’s  meeting  on  1/28/08.  He  exited  early  but  left  Laura  a 
page  of  notes.  He  asked  about  chlorine  and  looked  skeptical  over  idea  of  indirect 
detection. 

Contact:  Laura  Vandenberg  (DARPA  SETA)  (CBIRF) 

Date:  12/22/07 

Notes:  Were  contacted  by  Laura  and  invited  to  attend  meeting  on  1  /28/08  (did  not 
attend). 

Intelligence  Community 

Contact:  Chris  Ball  (Battelle)  ^  Paul  J.,  Rich  P.,  Mark  D.  (XXX) 

Date:  7/25/07-12/31/07 

Notes:  This  organization  may  be  very  interested  in  MACS.  Paul  has  tried  to  engage 
management  to  see  if  they  can  find  a  way  to  assist  the  MAG.  Rich  has  offered 
suggestions  on  sensor  requirements  for  field  use.  Mark  (management)  has  expressed 
some  interest  in  the  technology. 
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Contact:  Chris  Ball  (Battelle)  Dick  Garr  (Battelle,  Special  Programs  Market  Sector) 
Donald  Ferris  (AFTAC/TMK) 

Date:  8/7/07 

Notes:  Dick  spoke  with  Ferris  regarding  possible  participation  on  MAG.  Ferris  indicated 
he  was  willing  and  able. 

Contact:  Keith  Reiss  (ST)  Chris  Ball  (Battelle)  Tom  M.  (XXX) 

Date:  12/6/07 

Notes:  We’ve  made  repeated  attempts  to  engage  Tom  via  phone  and  e-mail.  We  intend 
to  invite  him  to  be  a  MAG  participant. 

Contact:  Keith  Reiss  (ST)  Pat  Flughes  (L3)  Barbara  Sanderson,  Peter  Bythrow 
(D^) 

Date:  7/1/02 

Notes:  Keith  met  Barbara  at  CMO.  They  have  offered  to  assist  with  moving  things 
forward  with  DARPA  (pre-MACS).  They  seemed  very  interested  in  the  technology. 

Contact:  Chris  Ball  (Battelle)  ->  Charmaine  Gilbreath,  Todd  Flawley  (DIA,  National 
Signatures  Program) 

Date:  4/18/07 

Notes:  NSP  is  interested  in  following  the  progress  of  MACS  and  on  future  signature 
development  as  it  pertains  to  their  signature  library  products.  NSP  is  facilitating 
establishment  of  TFIz  signature  library.  They  have  direct  ties  to  JIEDDO  and  HME 
detection  programs. 

Other  Non-DoD  Agencies 


Contact:  Chris  Ball  (Battelle)  Dave  Clark  (Battelle)  Mark  Floover  (Senior  Scientist, 
NIOSH  Nanotechnology  and  Division  of  Respiratory  Disease  Studies) 

Date:  7/16/07 

Notes:  Hoover:  “The  topic  of  direct-reading  methods  for  chemicals  is  certainly  of  great 
interest  to  NIOSH.  And  as  we  know  from  the  recent  NIOSH  terrorism  preparedness  and 
emergency  response  project  that  you  and  I  collaborated  on  regarding  the  state-of-art  for 
chemical  and  biological  sensors,  understanding  the  user  community  needs  and 
providing  a  strong  science  base  for  methods  testing  and  validation  is  key.” 
Recommended  MAG  participation  of  Anita  Schill,  PhD,  Interim  Assoc.  Director  for 
Science. 

Contact:  Chris  Ball  (Battelle)  Dave  Clark  (Battelle)  Rebecca  Blackmon  (nee 
Lankey)  (TSWG) 

Date:  8/28/07 

Notes:  Rebecca  is  a  recognized  expert  in  air  pollution  emission  analysis.  TSWG  would 
be  a  good  candidate  for  the  MAG  because  it  represents  agencies  across  Government 
and  addresses  multi-agency  requirements.  Rebecca  indicated  willingness  to  participate 
in  MAG. 
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Contact:  Keith  Reiss  (ST)  Chris  Ball  (Battelle)  John  Bosch  (ERA) 

Date:  10/30/07 

Notes:  John  accepted  an  invitation  to  be  a  member  of  MACS.  John  is  involved  with  new 
emission  monitoring  technologies  and  their  national  policy  applications.  He  also  has 
good  contacts  in  DoD  who  do  environmental  monitoring. 

Contact:  Keith  Reiss  (ST)  ^  Chris  Ball  (Battelle)  Ken  Baicar  (FBI) 

Date:  11/5/07 

Notes:  Ken  accepted  an  invitation  to  be  a  member  of  MACS. 

Contact:  Henry  Everitt  (AMRDEC)  ->  Geoff  Ling  (DARPA)  ->  Geoffrey  Ginsburg  (Duke) 
Date:  11/13/07 

Notes:  Discussed  MACS  in  the  context  of  breath  analysis  for  early  detection  of  disease 
onset.  Ginsburg  has  a  seedling  project  on  the  subject. 
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Appendix  All. 4 

MAG  Questionnaire  and  Responses 

Mission  Adaptable  Chemical  Sensor  (MACS)  Advisory  Group  (MAG)  Questioimaire 

Name  _ Phone  _ 

Agency  _ Fax  _ 

Office  _ E-mail  _ 

Address  _ 


The  intention  of  this  questionnaire  is  to  gauge  interest  in  the  MACS  sensor  technology  and  to 
focus  system  requirements  for  subsequent  development  phases.  Please  answer  the  following 
questions  to  the  best  of  your  knowledge.  If  you  have  any  questions,  please  contact: 

•  Keith  Reiss -phone:  703-385-2750x111,  e-mail:  kreiss@smarttransitions.eom 

•  Chris  Ball  -  phone:  614-424-6502,  e-mail:  ballc@battelle.org 

•  Laura  Vanderberg  -  phone:  757-897-3539,  e-mail:  laura.vanderberg@  jhuapLedu 

•  Joe  Maniaci  -  phone:  703-797-4558,  e-mail:  jmaniaci@sainc.com 

EH  The  requested  information  is  sensitive/classrfied.  Please  contact  me  to  discuss  secure 
information  transfer  options. 

Interest  in  MACS  development 

Please  characterize  your  organization’s  interest  in  MACS 
EH  Interested  in  the  continued  development  of  the  MACS  technology 
EH  Potential  user  of  the  technology 

EH  Potential  transition  partner/funding  souree  for  teehnology  development/transition 
EH  Interested  in  funding  additional  development 

EH  Interested  in  performing  or  supporting  tests  of  prototype  or  field  systems 
EH  Other _ 


Sensing  mission  type 

Please  identify  the  types  of  missions  that  would  benefit  from  MACS  teehnology 


EH  MASINT  collection  and  analysis 

EH  Fixed  site  protection 

EH  WMD  forensic  analysis 

EH  Medical  diagnosis 

EH  Field  test  support 

EH  Security  threat  detection 

EH  Other _ 


EH  Contamination  avoidanee 
EH  Pollution  monitoring 
EH  Battle  fie  Id  c  harae  ter  izatio  n 
EH  Laboratory  chemical  analysis 
EH  lED  detection 
EH  Industrial  process  monitoring 
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Tai^et  materials 

Please  identify  classes  and  chemical  targets  and 
I  I  Toxic  industrial  chemicals 
O  TIC/CWA  precursors  or  de gradates 
I  I  Typical  trace  atmospheric  constituents 
EH  Expired  breath  chemicals 
EH  Nuclear/radiological  and  related  materials 
Specify  chemicals  of  interest: _ 


provide  specific  examples 

EH  Chemical  warfare  agents 
EH  Standard  industrial  chemicals 
EH  Biological  materials,  proteins,  agents 
EH  Explosives  and  related  materials 
EH  Environmental  pollutants 


Detection  sensitivity 

Please  specify  chemical  detection  sensitivity  specifications 

D  >ppm 

EH  10  ppb  -  1  ppm 

EH  lOOppt-lOppb 

EH  Ippt-lOOppt 

Detection  selectivity 

Please  characterize  the  desired  performance  for  detecting  multiple  materials 
EH  Detect  >30  target  materials  simultaneously 
EH  Detection  of  several  chemicals  simultaneously 
EH  Detection  of  single  chemicals 

EH  Detect  in  the  presence  of  cluttered  environment  (battlefield,  urban) 

Response  time 

Please  identify  the  response  time  requirement  for  a  single  measurement  cycle:  sample 

acquisition,  spectral  interrogation,  analysis,  report 

EH  >10  minutes 

EH  5  -  10  minutes 

EH  1-5  minutes 

EH  <  1  minute 

System  size,  weight 

Please  identify  the  size  and  weight  requirements  for  a  future  MACS  system 
EH  Fixed  installation,  vehicle  mounted  (>  1  ft^,  >50  lbs) 

EH  Vehicle,  air  mounted  (Vi  ft^  -  1  ft^,  25  -  50  tos) 

EH  Man-portable  (<  Vi  ft^,  <  25  lbs) 

System  power 

Please  specify  the  power  source  requirements 
EH  External  power  (AC  line,  vehicle  battery) 

EH  Internal  power  (battery) 
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Mission  duration 

Please  specify  the  typical  duration  of  a  single  sensor  mission 

I  I  Months  EH  Continuous  operation 

EH  Weeks  EH  Sporadic  operation 

EH  Days 

EH  12-24  hours 

EH  6-12  hours 

EH  3-6  hours 

EH  1-3  hours 

EH  <  1  hour 

Ruggedness/waterproof 

Please  indicate  desired  level  of  ruggedness  for  a  fielded  MACS  system 
EH  Waterproof 
EH  Water  resistant 

EH  Easily  packaged  in  waterproof  container 
EH  Withstands  drop  from  6  ft  onto  cement  floor 
EH  Withstands  off-road  ride  in  truck  bed  or  high  speed  boat 

EH  Withstands  off-road  ride  in  truck  bed  or  high  speed  boat  when  adequately  packaged 

Technical  expertise  of  potential  operator 

Please  indicate  the  desired  education  level  of  a  potential  operator  of  a  fielded  MACS  system 

EH  No  technical  background  or  training 

EH  Layman  operator 

EH  Trained  technician 

EH  Advanced  science/engineering  degree 

Production  volume 

Please  indicate  how  many  MACS  units  could,  in  the  future,  be  purchased  to  meet  mission  needs 
□  >1000 
□  100-1000 
□  10-100 
□  <10 

EH  Willing  to  field  several  prototype  instruments  for  preliminary  field  use 

Current  detector  technology 

Please  list  detectors  currently  used  by  your  organization  to  meet  mission  requirements 


213 


Additional  requirements 

Please  identify  any  additional  requirements  not  addressed  in  this  questionnaire 
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Mission  Adaptable  Chemical  Sensor  (MACS)  Advisorj’  Croup  (MAG)  Questionnaire 
Name  la gJ'-f  Phone 

Agency  hi  An  Fax  _ 

Office  _  E-mail  ^  /vr»A*  M‘J 

Q<st>i^O  Ffce^P  A  c*  ^ ^  1  ^P/'  Xt^' 

The  intention  of  this  questionnaire  is  to  gauge  interest  in  the  MACS  sensor  technology  and  to 
focus  system  requirements  for  subsequent  development  phases.  Please  answer  the  following 
questions  to  the  best  of  your  knowledge.  If  you  have  any  questions,  please  contact: 

•  Keith  Reiss  -  phone:  703-385-2750  xl  1 1,  e-mail:  kreiss@smarttransitions.com 

•  Chris  Ball  -  phone:  614-424-6502,  e-mail:  ballc@battelle.org 

•  Laura  Vanderberg  -  phone:  757-897-3539,  e-mail:  laura.vanderberg@jhuapl.edu 

•  Joe  Maniaci  —  phone:  703-797-4558,  e-mail:  jmaniaci@sainc.com 

r~l  The  requested  information  is  sensitive/classified.  Please  contact  me  to  discuss  secure 
information  transfer  options. 

Interest  in  MACS  development 

Please  characterize  your  organization’s  interest  in  MACS 
I  I  Interested  in  the  continued  development  of  the  MACS  technology 
15^  Potential  user  of  the  technology 

I  I  Potential  transition  partner/funding  source  for  technology  development/transition 
I  I  Interested  in  funding  additional  development 

I  I  Interested  in  performing  or  supporting  tests  of  prototype  or  field  systems 
I  I  Other  _ _ _ 

Sensing  mission  type 

Please  identify  the  types  of  missions  that  would  benefit  from  MACS  technology 


MASfNT  collection  and  analysis 

1  1  Contamination  avoidance 

1  1  Fixed  site  protection 

1  1  Pollution  monitoring 

1  1  WMD  forensic  analysis 

0  Battlefield  characterization 

1  1  Medical  diagnosis 

n  Laboratory  chemical  analysis 

1  1  Field  test  support 

1  1  lED  detection 

1  1  Security  threat  detection 

1  1  Industrial  process  monitoring 

□  Other 

Target  materials 

Please  identify  classes  and  chemical  targets  and 
I  I  Toxic  industrial  chemicals 
□  TIC/CWA  precursors  or  degradates 
Typical  trace  atmospheric  constituents 
I  I  Expired  breath  chemicals 
I  I  Nuclear/radiological  and  related  materials 
Specify  chemicals  of  interest: _ 


provide  specific  examples 

1^  Chemical  warfare  agents 

1  I  Standard  industrial  chemicals 

12- Biological  materials,  proteins,  agents 

2  Explosives  and  related  materials 
I  I  Environmental  pollutants 


Ruggedness/vvaterproof 

Please  indicate  desired  level  of  ruggedness  for  a  fielded  MACS  system 
I  I  Waterproof 
I  I  Water  resistant 

I  I  Easily  packaged  in  waterproof  container 

I  I  Withstands  drop  from  6  ft  onto  cement  floor 

I  I  Withstands  off-road  ride  in  truck  bed  or  high  speed  boat 

I  I  Withstands  off-road  ride  in  truck  bed  or  high  speed  boat  when  adequately  packaged 

Technical  expertise  of  potential  operator 

Please  indicate  the  desired  education  level  of  a  potential  operator  of  a  fielded  MACS  system 
0  No  technical  background  or  training 
I  I  Layman  operator 
I  I  Trained  technician 

□  Advanced  science/engineering  degree 

Production  volume 

Please  indicate  how  many  MACS  units  could,  in  the  future,  be  purchased  to  meet  mission  needs 

□  >  1000 
□  100-1000 
□  10-100 
□  <  10 

I  I  Willing  to  field  several  prototype  instruments  for  preliminary  field  use 

Current  detector  technology 

Please  list  detectors  currently  used  by  your  organization  to  meet  mission  requirements 


Additional  requirements 

Please  identify  any  additional  requirements  not  addressed  in  this  questionnaire 
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